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ABSTRACT 

Recent evidence indicates that cGMP plays an important role in neural development and 
neurotransmission. Since cGMP levels depend critically on the activities of phosphodiester- 
ase (PDE) enzymes, mRNA expression patterns were exnmined for several key cGMP- 
hydrolyzing PDEs (type 2 [PDE2], 5 [PDE5], and 9 [FDE9]) in rat brain at denned develop- 
mental stages. Riboprobes were used for nonradioactive in situ hybridization on sections 
derived from embryonic animals at 15 days gestation (E15) and several postnatal stages (P0, 
P5, P10, P21) until adulthood {3 months), At all stages PDE9 mRNA was present throughout 
the whole central nervous system, with highest levels observed in cerebellar Purkinje cells, 
whereas PDE2 and PDES mRNA expression was more restricted. like PDE9, PDES mRNA 
was abundant in cerebellar Purkinje cells, although it was observed only on and after 
postnatal day 10 in these cells. In other brain regions, PDES mRNA expression was minimal, 
detected in olfactory bulb, cortical layers, and in hippocampus. PDE2 mRNA was distributed 
more widely, with highest levels in medial habenula, and abundant expression in olfactory 
bulb, olfactory tubercle, cortex, amygdala, striatum, and hippocampus. Double immunostain- 
ing of PDE2, PDES, or PDE9 mRNAs with the neuronal marker NeuN and the glial cell 
marker glial fibrillary acidic protein revealed that these mRNAs were predominantly ex- 
pressed in neuronal cell bodies. Our data indicate that three cGMP-hydrolyzing PDE families 
have distinct expression patterns, although specific cell types coexpress mRNAs for all three 
enzymes. Thus, it appears that differential expression of PDE isoforms may provide a 
mechanism to match cGMP hydrolysis to the functional demands of individual brain regions, 
J. Comp, Neurol. 467:566-580, 2003, © 2003 Wiley-Lias, inc. 
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The second messengers adenosine 3 f t 5' -cyclic mono- 
phosphate CcAMP) and guanosine 3 \5' -cyclic monophos- 
phate (cGMP) help to regulate a number of important 
biological processes, including phototransduction, olfac- 
tion (Broillet and Firestein, 1999), smooth muscle contrac- 
tion and relaxation (Carvajal et aL, 2000), neurotransmis- 
sion (Garthwaite, 1991; Kind and Neumann, 2001), and 
neural development (Truman et aL, 1996; Gibbs and Tru- 
man, 1998; Schachtner et aL, 1999; Van Wagenen and 
Bender, 1999; Gibbs et al„ 2001; Simpson et aL, 2002). 

Intracellular levels of cAMP and cGMP are controlled by 
their rate of synthesis via adenylyl and guanylyl cyclases, 
respectively (Lucas et aL, 2000; Wedel and Garbers, 2001; 
Watts, 2002), and by their rate of degradation via 3', 5'- 
cyclic nucleotide phosphodiesterases (PDEs) (Beavo, 1995; 
Houslay, 1998; Conti and Jin, 1999; Dousa, 1999; Francis 
et aL, 2001). PDEs are comprised of a large group of 
enzymes that hydrolyze cAMP and cGMP to their inactive 
5'-derivates, To date, numerous PDE genes have been 
cloned, representing 11 different PDE families (PDE1- 
PDE11). Many of these genes are expressed in several 
alternately spliced forms, indicating the existence of a 
large number of PDE isoforms, which are expressed with 
distinct localization patterns in the brain (Repaske et aL, 
1993; Furuyama et aL, 1994; Yan et aL, 1994; Beavo, 1995; 
Kotera et aL, 1997; Fujishige et aL, 1999; Fawcett et aL, 
2000; Soderling and Beavo, 2000; Andreeva et aL, 2001; 
Francis et aL, 2001). Three PDE families specifically use 
cGMP as a substrate: PDES (Thomas et aL, 1990; Kotera 
et aL, 1997; Loughney et aL, 1998), PDE9 (Fisher et aL, 
1998; Guipponi et aL, 1998; Soderling et aL, 1998), and the 
photoreceptor-specific PDE6 (Gillespie and Beavo, 1988). 
Furthermore, cGMP can be degraded by dual-substrate 
PDEs: PDE1 (Furuyama et al„ 1994; Yan et aL, 1994), 
PDE2 (Sonnenburg et aL, 1991; Repaske et aL, 1993; Yang 
et aL, 1994; Rosman et aL, 1997; Juilfs et aL, 1999), 
PDE10 (Fujishige et aL, 1999; Kotera et aL, 1999b; Soder- 
ling et aL, 1999), and PDE11 (Fawcett et aL, 2000; Het- 
man et aL, 2000). 

At present, the functions of cGMP in the central nervous 
system (CNS) are slowly emerging. A role for cGMP dur- 



ing development of the CNS has been proposed (Truman 
et aL, 1996; Markerink-Yan Ittersum et aL, 1997; Bicker, 
1998, 2001; Gibbs and Truman, 1998; Schachtner et aL T 
1999; Van Wagenen and Render, 1999; Gibbs et aL, 2001; 
Simpson et aL, 2002). cGMP is involved in network for- 
mation during neuronal maturation (Scholz and Truman, 
2000; Bicker, 2001; Scholz et aL, 2001) and can regulate 
directional guidance of growth cones (Song et aL, 1998; 
Song and Poo, 1999), Furthermore, it has been demon- 
strated that cGMP is involved in the directional outgrowth 
of cortical neurons during maturation (Polleux et aL, 
2000). 

Evidence from several in vivo models has been pre- 
sented which suggest that cGMP is implicated in pro- 
cesses of learning and memory in the adult. Inhibition of 
cGMP synthesis impaired performance in a number of 
learning and memory behavioral tasks (Kendrick et aL, 
1997; Bernabeu et aL, 1997; Izquierdo et aL, 2000; Ed- 
wards et aL, 2002). In contrast, administration of the 
cGMP analog 8-Br-cGMP (Bernabeu et aL, 1996) or appli- 
cation of the PDE5 inhibitor sildenafil (Baratti and Boccia, 
1999) enhanced retention in an inhibitory avoidance 
learning paradigm. Recently, several selective PDES in- 
hibitors (Prickaerts et al. T 1997, 2002b), or a cGMP analog 
(Prickaerts et aL, 2002a) have been shown to enhance 
retention in a rat object recognition task. In addition, it 
has been recently reported that application of a selective 
PDE2 inhibitor can also enhance retention in this task 
(Boess et aL, 2003). This suggests a role for both PDE2 
and PDE5 in object memory formation. An association of 
PDE2 with the limbic system has been described (Repaske 
et aL, 1993), however, according to the literature, localiza- 
tion of PDE5 was restricted mainly to the cerebellum 
(Kotera et aL, 1997, 2000; Juilfs et aL, 1999; Giordano et 
aL, 2001). 

The above findings suggest the involvement of cGMP in 
synaptic plasticity both during neural development and in 
learning and memory processes. Therefore, the mENA 
expression patterns of PDE5 during brain development 
were compared to the cellular localization of PDE2 at 
similar stages. Finally, as PDE9 has a broad distribution 
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throughout the brain (Andreeva et aL, 2001), this enzyme 
was also included in our study. Since PDE9 has the high- 
est affinity for cGMP of all the PDE families known to 
date, this enzyme could play a fundamental role in keep- 
ing cGMP at low basal levels (Fisher et aL, 199S; Soder- 
ling et aL, 1998), thus having an important role in direct- 
ing outgrowth and directional guidance of neurons. 

Here we show that distinct expression patterns for 
PDE2, PDE5, and PDE9 mRNA are already established at 
early stages of brain development and maintained into 
adulthood, suggesting a role for these PDE families in 
neural development and neurotransmission. Moreover, it 
is shown for the first time that besides the PDE5 mRNA 
expression in Purlrinje cells, as reported earlier (Kotera et 
aL, 1997), PDE5 is also present in other brain areas, such 
as the hippocampus, cortex, and olfactory bulb. In addi- 
tion, expression of the three cGMP-hydrolyzing PDEs is 
observed mainly in neuronal cell bodies. 

MATERIALS AND METHODS 
Animals 

Lewis rats were obtained from the local animal facility 
at Maastricht University. Experiments were approved by 
the committee on animal welfare according to Dutch gov- 
ernmental rules. In order to study mRNA expression of 
the different cGMF-hydrolyzing PDEs during develop- 
ment, animals were used at the age of embryonic day 15 
(E15), postnatal day 0 (PO, day of birth), day 5 (P5), day 10 
(P10), day 21 (P21), and adult rats (3 months). 

Riboprobe synthesis 

For the in situ hybridization of PDE2, a pBS* vector 
containing a part of rat PDE2 (nt 1964-2314, GenBank 
accession no. NM_031079) was used. This construct (Gen- 
Bank accession no. M94540) and the specificity of the 
probe has been previously described (Repaske et al M 
1993). The construct was linearized using EcoRI or 
HindlH, to generate antisense or sense probes with T3 or 
T7 polymerase, respectively. 

The expression of PDES was studied by cloning a part of 
the rat PDES sequence (nt 2206-2580, GenBank acces- 
sion no. D89093) into the Sad and EcoRI sites of a pCRI- 
ITOPO vector (Invitrogen, La Jolla, CA), A probe compris- 
ing this part of PDES has been described previously 
(Kotera et aL, 1997). Sense probes were made after BstXI 
digestion by Sp6 RNA polymerase and antisense probes 
after linearization with Hindlll and T7 RNA polymerase. 

PDE9 riboprobes were constructed from the mouse 
PDE9A1 as a template. Primer wvsforwl (5'-ACG CTT 
GGATCC ATG GGG GCC GGC TCC TCA-3') containing 
a BamHI site and primer wvsrevl (5'-GCT TGT ATG CGG 
CCG CCT GGA GGC CAC AGA GCC AGA CCA M') 
containing a NotI site were used for PCR {nucleotides 
10-828 from mouse PDE9A1, AF031147). The PCR prod- 
uct was digested with both restriction enzymes and then 
the product was ligated into the BamHI and NotI site of a 
pCRU TOPO vector (Invitrogen). Antisense PDE9 probes 
were made with T7 polymerase from the pCRIITOPO 
plasmid linearized with BamHI, while sense probes were 
produced by Sp6 RNA polymerase after linearization of 
pCRIITOPO vector with XhoL 

All constructs were analyzed by DNA sequencing before 
probe synthesis. After restriction digestion of each con- 



struct, as described above, antisense and sense riboprobes 
were made from a 5 u.g DNA template by in vitro tran- 
scription with digoxigenin (DIG)-labeled UTP using a DIG 
RNA labeling kit (Roche, Nutley, NJ) according to the 
manufacturer's instructions. 

In situ hybridisation 

Animals were decapitated and their brains were dis- 
sected, frozen in C0 2 , and stored at -80°C until section- 
ing. Animals aged E15 were frozen as a whole. Frozen 
serial sagittal sections (14 urn) were cut and thawed onto 
SuperFrost Plus slides (Menzel-Glaser, Germany) and 
stored at -8G°C until use. From each age group, three 
animals were studied and from each animal consecutive 
sections were used for hybridization of PDE2, PDE5, and 
PDES with sense and antisense probes. In addition, coro- 
nal sections from adult rats were cut at different levels 
related to bregma: 1,60/1,20, -0.40/-0.80, -3.14/-3.30, 
-4.52/-4.80, and -7.30/-7.64, according to Paxinos and 
Watson (1986). Sections were thawed for 10 minutes at 
50°C and thereafter postfixed with 4% paraformaldehyde 
in 0.1 M phosphate-buffered saline (PBS, pH 7.4) for 20 
minutes at room temperature (ET), followed by three 
short washes with PBS. Then sections were incubated for 
10 minutes at RT with 0.1 M triethanolamine containing 
0.25% (v/v) acetic anhydride. Slides were washed two 
times with 2X SSC for 5 minutes and thereafter washed at 
37°C with 2X SSC containing 50% (v/v) formamide before 
the start of the hybridization. 

Hybridization was performed overnight in a humid 
chamber at 55 D C under coverslips in 100-200 u.1 hybrid- 
ization mix (50% (v/v) deionized formamide, 250 p-g/ml 
salmon sperm DNA, 1 mg/ml tRNA, 10% dextran sulfate, 
2X SSC, IX Denhardt's solution and 200-400 ng/ml DIG- 
labeled RNA probe). After the hybridization, sections were 
washed in 2X SSC, lx SSC and 0.1X SSC, all solutions 
containing 50% formamide. Each wash step was per- 
formed at 55°C and lasted 20 minutes. Next, to eliminate 
single-stranded (unhybridized) probe, the sections were 
treated with RNAse Tl (2 U/ml T Roche) in 2X SSC con- 
taining 1 mM ethylenediaminetetra-acetate (EDTA) for 15 
minutes at 37°C followed by a 20-minute wash with lx 
SSC at 55°C. After washing for 10 minutes with 2X SSC 
at RT, sections were incubated for 5 minutes with buffer 1 
(150 mM NaCl and 100 mM maleic acid (pH 7.5)) followed 
by blocking for 2-3 hours at RT with buffer 2 (150 mM 
NaCl, 100 mM maleic acid (pH 7.5), and 1% blocking 
reagent (Roche, #1096176)) containing 5% sheep serum. 
Next, slides were incubated overnight at 4°C with a 
1:2,000 dilution of anti-DIG-alkaline phosphatase in 
buffer 2 containing 1% sheep serum. Thereafter, slides 
were washed three times with buffer 1 followed by wash- 
ing for 10 minutes with Tris-buffered saline (TBS, pH 7.6) 
containing 0,025% Tween 20 and, thereafter, three times 
5 rninutes with TBS. After two washes of 5 minutes in 
buffer 3 (100 mM Tris-HCl (pH 9.5), 0.1 M NaCl, and 0.05 
M MgCl 2 ), the sections were incubated with freshly pre- 
pared nitro-blue tetrazolium and 5-bromo-4-chloro-3- 
indolyl-phosphate in buffer 4 (50 mM Tris {pH 9.5), 100 
mM NaCl, 50 mM MgCl 2 , 1 mM levamisole) and stained 
for 1-2 days in the dark at RT. The buffer was replaced by 
fresh buffer after the first day. The color reaction was 
stopped with 10 mM Tris-HCl and 1 mM EDTA (pH 8.0). 
After washing in TBS T sections were mounted with TBS- 
glycerol. For the developmental studies, the samples from 
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the different stages were prepared identically, using the 
same batch of probe and identical washing and staining 
procedures. 

Double unmunostaiiiiiig 

After the development of the in situ hybridization, some 
sections derived from adult rats were counterstained with 
two cellular markers. Neurons were visualized with 
mouse anti-neuronal nuclei (NeuN) (Chemicon Interna- 
tional, Temecula, CA) diluted 1:50 with TBS containing 
0.3% Triton (TBS-T). Astrocytes were stained by using a 
polyclonal antibody directed against glial fibrillary acidic 
protein (GFAP) diluted 1:25, kindly donated by Dr. F, 
Ramaekers (Maastricht, The Netherlands). Sections were 
incubated overnight with the primary antibodies at 4 0 C 
and thereafter washed with TBS-T, TBS, and TBS-T; each 
step lasted 10 minutes. For visualization of the primary 
antibodies, sections were incubated with 1:800 Cy3- 
conjugated affinity pure donkey antimouse IgG (Jackson, 
West Grove, PA) or 1:100 Alexa fiuor 488 goat antirabbit 
IgG conjugate (Molecular Probes, Leiden, The Nether- 
lands) for 90 minutes at RT. After being washed in TBS-T 
and TBS, sections were mounted with TBS-glycerol. 

Microscopical evaluation 

Sections were examined using an Olympus AX70 micro- 
scope equipped with a cooled CCD Olympus Digital video 
camera F-view, Images were stored digitally using the 
computer program Analysis {Soft Imaging System, Mini- 
ster, Germany), then arranged and adjusted to match for 
contrast with Adobe PhotoShop 5.5 (San Jose, CA). For 
each PDE family the mENA expression was scored sepa- 
rately, varying from absent (-) to strong expression 
(+ + + ), by comparing the relative intensity of the staining 
in the different brain areas according to Paxinos and 
Watson (1986) and Paxinos et al. (1994), 

RESULTS 

Nonradioactive in situ hybridization was used to study the 
mRKA expression patterns of PDE2, PDE5, and PDE9 dur- 
ing the development of the rat brain from E15 to adulthood. 
Serial sagittal sections weTe hybridized with antisense and 
sense probes from the three different PDE families. In Fig- 
ure 1 the expression of the three cGMP-hydrolyzing PDE 
families is shown for three developmental stages. Control 
sections hybridized with sense probes (Pig. 1J-L) or pro- 
cessed without probe (not shown), did not show specific 
staining. In addition, sections pretreated with RNase (not 
shown) were devoid of staining, indicating that the probes 
bound specifically to RNA 

Comparison of the six developmental stages and the 
different PDE families, demonstrated that PDE9 mKNA 
had the widest distribution, followed by PDE2 and PDE5 
mRNAs (Fig. 1, Tables 1-4). A more detailed description 
of the expression of these PDE families in the different 
brain areas is given below. 

Olfactory bulb 

In the olfactory bulb, PDE2, PDE5, and PDE9 mRNAs 
were detected at all stages investigated (Fig. 1, Tables 
1-4). At age E15, PDE9 had the widest distribution and 
densest expression throughout the olfactory area com- 
pared to PDE2 and PDE5 (Pig. 1A-C) and was present in 
a population of closely packed cells in which only a small 



rim of cytoplasm stained strongly (Fig. 2F). After birth 
into adulthood, PDE2, PDES, and PDE 9 mRNAs were, 
present throughout the layers in the olfactory bulb, with 
the strongest expression in the mitral cell layer (Table 1, 
Fig. 2A-C). All three PDE families were also expressed in 
scattered cells throughout the external plexiform layer. In 
addition, PDE2 and PDE 9 were expressed in the internal 
granular layer, which did not contain PDES mRNA. Fur- 
thermore, PDE9 mENA expression was observed in the 
glomerular layer, which also contained PDES mKNA but 
did not show PDE2 mRNA expression. Overall, these ex- 
pression patterns were maintained during maturation 
and into adulthood (Fig. 2A-C, Tables 1-4). 

Cortex 

At E15, neither PDE2 (Fig. 3A, upper panel) nor PDES 
(Fig. 3 A, middle panel) mRNA was detected in the cortical 
area, in contrast to PDE9 mRNA, which was present in 
many densely packed cells (Fig. 3A, loweT panel): After 
birth, PDE2, PDES, and PDE9 expressing cells were 
present in the cortex in increasingly more sharply denned 
patterns (Fig. 3), paralleling the progressive organization 
of the different cortical layers during maturation. PDES 
mRNA was detected in scattered cell bodies at stage P5 
and retained during maturation (Fig. 3, middle panel). At 
stages P0 and P5 the strongest PDE5 mRNA staining was 
observed in what appears to be neuroepitheliurn. In the 
adult, high expression of PDE2 and PDE9 mRNAs was 
detected in all cortical layers (Fig. 4, Table 1). In contrast, 
PDES mRNA was observed in cell bodies that were 
stained with varying intensity throughout the different 
cortical layers (Fig. 4B, Table 1). Moreover, at early post- 
natal stages PDE9 mRNA expression could be detected in 
the corpus callosum, which was absent in adult animals. 
No PDE2 or PDE5 mRNAs were observed in the corpus 
callosum at all ages investigated (Tables 1-4). 

Basal forebraiii and striatum 

During development of the brain, PDE2 and PDE9 
mRNAs were expressed strongly in the caudate putamen 
(Fig, 1), whereas PDES mRNA expression in this area was 
not detected or expressed at low levels in scattered cells at 
the stages investigated (Tables 1-4). mRNA expression of 
all three PDE families was present in cell bodies and not 
in white matter tracts (Fig. 2G-I). Furthermore, during 
development, PDE2 and PDE9 mRNA were detected in 
the olfactory tubercle (Fig, 1), the islands of Calleja, the 
nucleus accumbens, and the amygdala (Table 1). In these 
regions PDES expression was low to hardly detectable at 
all developmental stages (Fig. 1, Table 1). 

Hippocampus 

In the hippocampal area both PDE2 and PDE9 mRNAs 
were expressed at stage E15, whereas no PDES expression 
was observed at this time point (Fig. 5). Afterbirth, PDE2, 
PDE5, and PDE 9 mRNAs were present in pyramidal cells 
of the CA1-CA3 and in the granule cells of the dentate 
gyrus, and some scattered cell bodies outside these layers 
(Figs. 5, 2J-L, Tables 1-4). At all stages PDE2 expression 
was stronger in pyramidal cells compared to the granule 
cells in the dentate gyrus (Fig. 5, upper panel), whereas 
PDE9 mRNA was strongly expressed in both cell types 
(Fig. 5, lower panel). In contrast, PDE5 mRNA expression 
in the hippocampus was weakly detected and from PS 
onwards (Fig, 5, middle panel) pyramidal cells and gran- 
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Fig. 1. Localization of PDE2, PDE5, and FDE9 mRNA during 
development of the rat brain at ages E15, PS, and P21 by nonradio- 
active in situ hybridization- For each time point, consecutive sagittal 
sections were hybridized with PDE2 (AJD T G), PDE5 {B,E,H) and 
PDE9 (C f F,I) antisense probes or sense probes derived from PDE2 (J), 
PDE5 (K) and PDE9 (L). Sagittal sections were photographed using a 
2X objective and pictures were assembled with Adobe PhotoShop. 



Recording conditions were kept constant for each PDE riboprobe. Ca, 
cortical area; Cb t cerebellum; CPu, caudate putamen; Cx, cortex; H r 
hippocampus; Hip r hippocampal area; Ob, olfactory bulb; QT, olfac- 
tory tubercle; Th t thalamus; Tha, thalamic area. Scale bar = 1,000 u,ra 
in C (applies to A-G), F (applies to D-F) T I (applies to G-I), L (applies 
to J-L). 



ule cells were moderately stained with some dispersed 
cells inside these layers, which were stained more robustly 
(Fig. 2K). 

Thalamus and hypothalamus 

At E15, PDE2 and PDE9 mRNA expression was de- 
tected in the thalamic area, whereas no PDE5 was present 
(Fig. 1). In addition, at this stage PDE9 mRNA expression 
was also observed in the hypothalamic area, which did not 
show PDE2 or PDE5 mRNA expression. From PO into 
adulthood, PDE2 and PDE5 mRNA expression levels were 
low to hardly detectable in the thalamus and hypothala- 
mus (Fig. 1), However T in coronal sections from adult rats 
very strong PDE2 expression was observed in the medial 
habenula, whereas PDE9 showed a moderate level of ex- 
pression and PDE5 mRNA was undetectable {Fig. 2D-E, 
Table 4). Furthermore, PDE2 mRNA was detected in hy- 
pothalamic snbnuclei (Table 4), such as in the Hstaniin- 
ergic cell group in the tubero mammiTlary area (Fig. 20), 
In addition, moderate PDE2 and PDE5 mRNA expression 
was observed in the supraoptic nucleus (Table 4). 

PDE9 mRNA was moderate to strongly present in thal- 
amus and hypothalamus throughout development of the 



TABLE I. Comparison of PDE2 mENA Expression Patterns During 
Development of the Rat Brain From Embryonic Stage E15 Until 
Postnatal day 21 (P21) 



Brain area 


E15 P0 


P5 


P1Q 


P21 


Olfactory bulb 










Glomerular layer 










MiLrjil call layer 




+ -r + 






Granule cell layer 




+ 


+ 


+ 


Cortical neuroepithehum 










Prcplatc zone 










Ventriculor zone 










Marginal Kanu 










Cortical plate 










Subcortical plate 


+ 








Neocortex 










Layer I 










Loyer 11-111 




++ 


+■+■ + 




Layer IV 










Layer V-V] 




+ + 


+ + + 


+ + + 


Corpus cal In sum 










Caudate putnnmn 


+ -i.-f- 


+ + + 


+++ 


+ + + 


Hippocnmpnl Formation 


+ 








Pyramidal calls 




+ + + 


+ + + 


+ ++ 


Granule cell layer 










Curabolium 










Molecular loyer 








+ 


Purlunje cell layer 










External granule cell layer 










Internal granule cell layer 








-r 



, absent; -f, weak; ++, moderate; strong- 
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TABLE 2, Comparison arPDE5 mRNA Expression Patterns During 
Development of the Ret Brain Frnrn Embryonic Stage E15 Until 

Postnatal day 21 (P21) 



Brain area 


E15 


PO 


P5 


P10 


P21 


Olfactory bulb 


4- 










Glomerular layer 




— 


+ 


- 


+ 


Mitral cell loyer 




+ 




4 


4 


Granule cell layer 




— 




— 


«. 


Cortical ncuroepitlieimm 












Preplate xone 


— 










Ventricular rone 












Marginal sane 




- 








Cortical plate 












Subcortical plate 












Neocortex 












Laytir 1 












Layer I1-1U 










4 


Layer IV 










+ 


Layer V-VI 








4- 


+ 


Corpus calloaum 












Caudati! puLnmen 








+ 


+ 


Hippocampnl formation 












Pyramidal cells 












Granule cell layer 










-4 


Cerebellum 












Molecular layer 










+ 


Purkinjn toll layer 










++ + 


External gmnulu cell Inyer 












Internal uxanule cell layer 






+ 


+ 


4-4- 



aboctit; weak; 4-f, moderate; + + +, strong. 



TABLE 3. Comparison of PDE9 mRNA Expression Patterns During 
Development af the Rcfc Brain From Embryonic Stage E15 Until 
Postnatal day 21 (P21) 



Brain urea 


E15 


PO 


Po 


P10 


P21 


Olfactory bulb 


+ + 










Glomerular loyer 




+ 


+ 


+ 




Mitral cell Soyer 




44 






-4- 


Granule cell layer 




+ 


+ 


+ 


+ 


Cortical nauroopithclium 












Preplate none 


+ 










Ventricular tone 


4 










Marginal znnc 




++ 








Cortical plate 




44 








Subcortical plnta 




4-4- 








Neocortex 












Layer I 












Loyer Fl-Iii 






4+4- 


4- + 4 


++ + 


Lnycr IV 






4-4-4- 


+ + + 


4-4-4- 


Layer V-VI 




++ 




4 + 4 


+4- + 


Corpus rciltosuro 




+ 


+ 


4- 




Caudate putimjeii 




++ 




4-4- 




Hippocampal formation 


+ + 










Pyramidal cells 




4+ 




44-4- 


4-4-4- 


Granule cell layer 




+ 4- 


+ + 


4-4-4- 


4-4-4- 


Cerebellum 












Molecular loyer 




+ 








Purkinje ceil layer 




4-4-+ 




4-44- 


+ + 4 


External granule cell layer 






+ 4 






Internal granule cell layer 






+ + 


4-4- 


44- 



— , absent; 4-, weak; +4, moderate; 4- 4- 4, {strong. 



brain (Fig, 1, Table 4). In the thalamus from the adult, 
PDE9 mRNA expression was detected in the medial ha- 
benula and the lateral habenula (Fig* 2E) with the stron- 
gest expression in the reticular thalamic nucleus (Table 
4), The expression of PDE9 mRNA in the hypothalamus 
was strongest in the supraoptic nucleus (Table 4). 

Midbrain 

PDE2 and PDE5 mRNAs were hardly detectable in the 
superior or inferior colliculus at all stages investigated. 
PDE2 mRNA was observed in the substantia nigra pars 
compacta (Fig, 2M). and raphe nuclei (Table 4). PDES 
mRNA was not detected in the midbrain, with the excep- 
tion of weak expression in the pontine nuclei (Table 4), 



The expression of PDE9 mRNA was observed in several 
midbrain areas, including superior and inferior colliculus 
and substantia nigra (Fig. 2N), 

Cerebellum 

At E1S, neither PDE2 (Fig. 6A, upper panel) nor PDES 
(Fig. 6A, middle panel) mRNA was detected in the cere- 
bellum, in contrast to PDE9 mRNA, which was weakly 
expressed and exhibited a rather diSuse appearance (Fig, 
6A, lower panel). Low PDB2 expression was found in 
Purkinje cells, first observed at P10 (Fig. 6D, upper panel) 
and maintained into adulthood (Fig, 6, upper panel, Fig, 
2P, Table 1). PDES and PDE9 mRNAs were also detected 
in Purkinje cells; however, at relatively higher levels of 
expression than PDE2 mRNA (Figs. 6, 2P-R). The expres- 
sion of PDES in Purkinje cells was first seen at P10 and 
maintained into adulthood (Fig. 6, middle panel), whereas 
PDE9 mRNA was detected from PO onwards (Fig. 6, lower 
panel, Tables 1-4). 

Furthermore, PDE2 and PDE9 mRNAs, and to some 
extent PDE5 mRNA, were observed in isolated cells in the 
molecular layer (Figs. 6, 2P-R). In addition, PDE2, PDE5, 
and PDE9 mRNAs were present in the granule cell layer, 
PDE2 mRNA was present in cells that have the charac- 
teristics of Golgi cells (Fig. 2P), which apparently also 
express PDE9 mRNA (Fig, 2R) but not PDES mRNA (Fig, 
2Q). PDES and PDE9 mRNAs were also detected in the 
internal and external granule cell layer at PS and P10 
(Fig, 6), 

Brain stem 

In the brain stem, no PDE2 mRNA expression was 
detected in sagittal sections at any stage. PDES mRNA 
was present in the metencephalon at E15 (Fig. 6A, middle 
panel) and was detected in some nuclei of the reticular 
formation during maturation (not shown). PDE9 mRNA 
expression was also observed in subnuclei of the reticular 
formation (not shown). 

Double immunostainiiig 

To investigate in which cell types the cGMP-hydrolyzing 
PDEs were expressed, brain sections from adult rats were 
double-labeled with the neuronal marker NeuN or the 
glial cell marker GFAP (Fig. 7). Throughout the brain T 
PDE2, PDES, and PDE9 mRNAs colocalized predomi- 
nantly with NeuN, as demonstrated for the cortex in Fig- 
ure 7. 

DISCUSSION 

In this study, we have shown that the mRNAs encoding 
three cGMP-hydrofyzing PDEs have distinct localization 
patterns, both in the mature rat brain and at embryonic 
and postnatal stages when significant developmental and 
maturational events are in progress. Earlier studies have 
indicated changes in PDE1 and PDE3 mRNA and protein 
expression or PDE activity during development of the 
brain (Billingsley et ah, 1990; Reinhardt and Bondy, 
1996). An increase in PDE activity was reported during 
development of the brain from fetus to adulthood (Smoake 
et al, 1974; Davis and Kuo, 1976). Furthermore, lower 
basal cGMP levels in aged brain areas compared to adult 
have been reported as a consequence of a more active 
degradation of cGMP by PDEs (Chalimoniuk and 
Strosznajder, 1998). 
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TABLE 4, PDE2, PDE5, and FDE9 mKNA expression in the Adult Rat Brain by Nonradioactive In Situ Hybridization 



Bruin area PDE2 PDE5 PDE9 Brain area PDE2 PDE5 FDE9 



Forebrain 








Hypothalamus 








Olfactory bulb 








Supra optic nucleus 






+ + ~ 


Glomerular layer 




+■ 


4 


Medial preoptic area 


4- 




+ — 


External plcjriform layer 






4-4- 


Lateral preoptic area 








Mitral coll layer 


4- + 


+~+ 


+ + 


Median eminence 


+ 


_ 


+ ^ 


Internal plciiform layer 




- 




Arcuate hypothalamic nucleus 


+ 




+ -r 


Internal granular layer 


+ 


— 


+ 


Ventromedial hypothalamic nudous 


+ 




+ + 


Anterior olfactory nucleus 


+ +4- 




+ + + 


Darsomedial hypothalamic nucleus 






+ + 








Medial moniinillary nucleus 








Caudate putamcn 


+ + + 


+ * 


4-4 + 


Lateral mammillary nucleus 






TT 


Aecumbens nucleus 


++ + 




4-+ + 










Septal nuclei 


+ 4 


+ 


+ + + 


Midbrain 








Nuclei of the diagonal band 


+ 




+ + + 


Superior collicalus 








OlfacLary tubercle 


-f-r-r 


— 


+ + + 


Inferior colli cuius 






+ 


Islands of Calleja 


+ 4 


- 


+ + 


Substantia nigra, pars compacta 






+ • 


Bed nucleus ofHtria terminal is 


+ 


+ 




Substantia nigra, pars reticulata 






4- T 


Ventral pallidum 


4- 


— 


4 


Ventral tegmental area 






+ + 


Globus pull i dm 


— 




+ 


Retrorubral field and nucleus 








Amytal a 


4-4-+ 




+ •*- + 


Kapha nuclei 






+ 


Induaium priseum 


+ + + 




+ + 


Central grey 






+ 


Fornix 








Pontine nuclei 


^_ 


+ 


+ -p 


Cortex 








LjcreDcimm 








Layer 1 








Molecular layer 


4-* 


+ * 


+ * 


Layer II 


+ + + 


4* 


+ + + 


Pur Idnje cell lnyer 


+ 


+ -!- + + 


+ + + + 


Layer III 


+++ 


+ ■ 


+ + + 


Granule cell layer 


+* 


4- + 


+ - 


Layer IV 


4-4 + 


4* 


+■ + + 


Cerebellar nuclei 




+ 


4-r 


Lnyer V 


4-4-4- 


+* 


+ + + 










Lnyer VI 


+ + + 


+* 


4 -+ + 


Brainstem 














Reticular formodon 




4- 




Piriform cortex 


4-4-4- 


4-+ 


4-4 + 










Cittgulato cortex 


4-4- + 




4- + + 


Circumventricular primus 








Entorhinnl wjrtux 


+ + + 


+ 


+ + + 


Choroid plexus 




+ 


+ + 










Epcndymal cells 






+ 


HippDcampua 








Subcommissural nrgen 


+ T 






Pyramidal calls in CA1 


+ + + 


+ + * 


+ + + 










Pyramidal colls in CA2 


4-4-4- 


+ +* 


+ + + 










Pyramidal colls in CA3 


4-4-4/ 


+ + * 


+ + + 










Non-pyramidal cells 


4-4-4- 


4*4-* 


4- + + 










DenLate gyrus 


4-4 


4 +* 


+ 4 + 










Subiculum 


44 


+* 


+ + + 










Thalamus 


* 














Medial habonula 


+ >r + -r 














Lateral habenula 






+ 










Pnrnvnnfrirnlnr ilittlnttllP miflpilS 






+ + 










Intermediodorsnl thalamic nucleus 
















Central medial thalamic nucleus 






+ + 










Parafascicular thalamic nucleus 






+ + 










Lnteral posterior thalamic nucleus 






+ + 










Mediodersal thalamic: nudmis 






+ 4 










Latere derBal thalamic nucleus 






+ 4- 










Ventral posteromedial thalamic nucleus 






+.+ 










Ventral posterolateral thalamic nucleus 






+ 4 










Ventromedial thalamic nucleus 






+ + 










Htiticuiar thalamic nucleus 


+ 




+ + + 










Posterior thalamic nuclear tfnmp 






+ + 










Anterior pretectal nucleus 






4- + 










Medial geniculate nucleus 






+ + 










Dorsolateral geniculate nucleus 






+ + 










Ventrolateral geniculate nucleus 






+ + 










Zona incerta 






4- + 










-, absent; r, weak; + + , moderate; +++, st 


ront,'; 4-4-4-+, strongest signal detected; » 


strong staining in scattered cells. 









Previous studies have shown that nitric oxide (NO) 
synthase and the NO-mediated cGMP-producing en- 
zyme soluble guanylyl cyclase are expressed with dis- 
tinct localization patterns during brain development 
and are widely distributed throughout the adult CNS 
(Bredt and Snyder, 1994; Burgunder and Cheung, 1994; 
Giuili et ah, 1994), Furthermore, targets of cGMP like 
cGMP-dependent protein kinases (El-Husseini et al M 
1999; De Vente et aL f 2001) and cyclic nucleotide-gated 
channels (Wei et ah, 1998; Kingston et aL, 1999) are 
also widely express ed in the adult rat brain. The broad 
distribution of cGMP-hydrolyzing PDEs throughout the 
CNS, as reported here, is in accordance with the wide 
distribution of other elements that are involved in the 
cGMP-signaling pathway, supporting the hypothesis 



that cGMP -signal transduction has widespread physio- 
logical roles, both in the mature and the developing 
brain. Recently, our group presented evidence that ap- 
plication of selective PDE2 or PDES inhibitors can lead 
to an improved retention for object memory (Prickaerts 
et aL, 1997, 2002b; Boess et ah, 2003), Moreover, it was 
shown that in vitro incubation of bippocampal slices 
with selective PDE2 or PDES inhibitors in combination 
with an NO donor resulted in distinct cGMP accumula- 
tion patterns (Van Staveren et aL, 2001; Prickaerts et 
aL, 2002b; Boess et al,, 2003). These findings suggest 
that augmentation of cGMP levels during training, 
through inhibition of PDE2 or PDE5, might cause the 
improved performance, although inhibition of other 
PDE families cannot be excluded. Therefore, we wanted 
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Fig. 2. mRNA expression af 
cGMF-hydrolyzing PDEs in rat 
brain areas by nonradioactive in 
situ hybridization. The antisense 
probes used are indicated in the 
left upper earner. Olfactory bulb 
from adult animal (A-C) and at 
EI5 (F); habenula and choroid 
plexus (D,E); caudate putamen 
[G-I); hippocampus (J-L); sub- 
stantia nigra (M,N); mammillary 
area with m nullification Df the his- 
taminergic cell group (inset) (O) 
and cerebellum (P-R), DG, den- 
tate gyrus; EP1, external plexiform 
layer; G, granule cell layer, GL, 
glomerular layer; IGt, internal 
granular layer; LHb, lateral habe- 
nula; LV, lateral ventricle; M, mo- 
lecular layer; MHb, medial habe- 
nula; Mi r mitral cell layer; PC, 
Purkinje cell layer; SNC, substan- 
tia nigra pare compacta; SNR, sub- 
stantia nigra pars reticulata; VTA, 
ventral tegmental area. Arrow in- 
dicates possible Golgi cell. Scale 
bar = 200 urn in A (applies to A-C, 
inset 0); 500 \um for M^,0; J-L, 
P-R; 100 iim for F-L; 500 pm in D 
{applies to D and E), 






to study the cellular localization of both PDE2 and 
PDES in greater detail. 

The expression patterns of the three cGMP-hydrolyzing 
PDE families studied are not identical, although they 
overlap to some extent (see below), indicating diversity in 
the involvement of cGMP-mediated signal transduction 
pathways. Of the three different families investigated, 
PDE9 mRNA expression is most abundant throughout the 
brain, followed by PDE2, and then PDE5. This pattern is 



consistent during maturation, although not always 
present at younger stages, as shown for instance for PDE2 
and PDES in Purkinje cells, 

PDE2 rnHNA expression was strong in structures that 
belong to the limbic system, i.e., olfactory cortex, amyg- 
dala, and hippocampus, in agreement with our previous 
study involving adult animals CRepaske et aL, 1993). 
PDE2 protein has been described in similar areas in cell 
bodies from neurons and in axons and dendrites (Juilfs et 
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Fig. 3. Localization of PDE2, PDE5, and PDE9 mRNA in the 
cortex during development af the nit brain by nonradioactive in situ 
hybridization- The different ages r labeled A-F in each panel, are 
indicated in the upper right corner. Recording conditions were kept 
constant for each PDE riboprobe. Ca r cortical area; cc, corpus callo- 
Bum; LV, lateral ventricle. Scale bars = 500 [i-m {applies to all parts). 



aL, 1999). This places PDE2 in an appropriate location for 
a role in learning, memory, emotion, and synaptic plastic- 
ity. In addition, we have observed PDE2 mRNA in the 
substantia nigra pars compacta, dorsal raphe nucleus, 
and histaminergic cell groups of the tubero mnmmillary 
region. This could point to a role for PDE2 in dopaminer- 
gic, serotonergic, and Hstaminergic neurotransmission. 
Surprisingly, when NO is applied in combination with a 
PDE inhibitor (either a nonselective inhibitor, such as 
3-isobutyl-l-methylxanthirie (IBMX) or a selective PDE2 
inhibitor, such as eryihro-9-(2-hydroxy"3-nonyl)adenine 
{EHNA}} to brain slices incubated in vitro, somata in these 
regions were not cGMF-immunoreactive (De Vente et aL, 
1998). Indeed, we have never observed colocalization of 
cGMP-immunoreactivity in dopaminergic, serotonergic, or 
histaminergic fibers in any region of the rat brain (De 
Vente et aL, 2000; Steinbusch et aL, 2001). This suggests 
either that, although sGC is demonstrably present in 
many of these regions (Schmidt et aL, 1992; De Vente et 
aL, 1998), basal and NO-sthnulated cGMP synthesis must 
be very low in these cell bodies, or that the activity of an 
IBMX-resistant PDE (such as PDE9) may be dorninant in 
this cellular region. 

In contrast to PDE2 and PDE9, PDE5 mRNA expres- 
sion is very limited. The highest expression is observed in 
Purldnje cells, and PDE5 expression in these cells is visu- 
alized for the first time at P10. These results are in agree- 
ment with Northern blot analysis during development of 
the rat cerebellum (Kotera et aL, 1997) and with immu- 
nocytochemical studies showing PDE5 protein expression 
in cell bodies from Purkinje cells and in the major 
branches of their extensive dendritic tree (Juilfs et aL, 
1999; Kotera et aL, 2000; Giordano et al., 2001). Addition- 
ally, we detected PDE5 mRNA expression in cells 
throughout the cortical areas, in the hippocampus, and 
the olfactory bulb, a finding that has not been mentioned 
in previous PDE5 expression studies (Kotera et al., 1997, 
2000; Juilfs et aL, 1999; Giordano et aL, 2001), The PDE5 
expression found in hippocampus suggests that it poten- 
tially might function in learning and memory processes. 
In this regard, the presence of PDE5 mRNA in hippocam- 
pus and entorhinal cortex supports the concept that PDE5 
is involved in object recognition (Prickaerts et al. t 1997, 
2002b). 

It is unlikely that our current observations are the re- 
sult of artifactual localization of PDE5 rnRNA. First, hy- 
bridization with sense probes or pretreatment with RNase 
did not result in any staining. Second, Northern blot anal- 
ysis in different brain areas from rat, human, and canine 
indicate that while highest expression is found in the 
cerebellum, lower levels are also present in other brain 
areas, such as hippocampus, cortex, and olfactory bulb 
(Kotera et al M 1997, 1999a; Loughney et al., 1998), Finally, 
in agreement with previous studies (Kotera et aL, 1997, 
1999a; Hanson et aL, 1998), we found high PDE5 expres- 
sion in lung, aorta, and intestine (not shown), providing 
further support for the reKability of the PDE5 riboprobe 
used. 

In agreement with a previous study (Andreeva et al,, 
2001), PDE9 mRNA is the most widely distributed of the 
PDEs that we analyzed. Our data closely match the data 
of this previous study of PDE9 localization. Comparison of 
PDE9 mRNA expression with published data for other 
cGMP-hydrolyzing PDE family members, such as PDE1 
(Furuyama et al., 1994; Yan et aL, 1994), PDE10 (Fujish- 
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Fig. 4. Localizotion dP FDE2, FDE5, and PDE9 mitNA in the frontal cortex of an adult rat by 
nonradioactive in Eitu hybridization. Scale bar = 500 \nn in C (applies to A-C). 



ige et al M 1999), and PDE11 (Fawcett et aL, 2000), indi- 
cates that PDE9 has the broadest CNS distribution of all 
known PDEs. Our present study, in conjunction with pre- 
vious work (Kepaske et ai, 1993; Kotera et aL, 1997), 
indicates that some cell types such as Purldnje cells and 
hippocampal pyramidal cells express the mENA of all 
three cGMF-hydrolyzing PDEs. Although no localization 
studies of these three PDE families could be performed on 
the same tissue sections, other studies have shown that 
both pyramidal and Purkinje cells also express PDE1 
(Eincaid et aL, 1987; Furuyama et aL, 1994), FDE3 (Rein- 
hardt and Bondy, 1996), PDE4 (Iwahashi et al, 1996; 
McPhee et al,, 2001), and PDE7 (Miro et al., 2001). This 
suggests that cells can express multiple PDE families. 
However, it is important to note several caveats. First, our 
studies have focused on mRNA expression, and do not 
necessarily provide an accurate index of protein expres- 
sion. Second, a variety of splice variants have been de- 
scribed for PDE2, PDE5, and PDE9 in such species as 
bovine, canine, rat, mouse, and human (Sonnenburg et al., 
1991; Yang et al., 1994; Eosman et al., 1997; Guipponi et 
al,, 1998; Kotera et al„ 1998, 1999a; Loughney et aL r 1998; 
Soderling et al., 1998). With the probes used in our study, 
we cannot distinguish among the splice variants in each 
family. 



Comparison of the values for cGMP of FDE1 (1,1-5.0 
jxM), PDE2 (15-30 \iM), PDE5 (1-5 p.M), PDE9 (70-170 
nM), PDE10 (3 jxM), and PDE11 (1 u.M) (values obtained 
from Francis et al., 2001), indicates that PDE9 has the 
highest affinity for cGMP. In this respect it seems actually 
striking that, besides PDE9 expression, other cGMP- 
hydrolyzing PDE families are expressed in the same cell 
type. The broad expression pattern of FDE9 and its low 
value for cGMP suggest that PDE9 could function as a 
"housekeeping" PDE that keeps levels of cGMP low in 
most cells. In this respect, it should be noted that in most 
tissues intracellular levels of cGMP compared to cAMP 
are usually 10-50 times lower (Ferrendelli, 1978), The 
restricted distribution of other PDEs suggests that they 
could be involved in more specific signaling pathways. 
Specific antibodies directed against the different PDE 
families and their representation in multiple variants 
might give more insight into the localization of PDEs in 
cellular compartments, as has been demonstrated for ol- 
factory neurons (Juilfs et al., 1997), 

In adult rat brain slices it has been a common observation 
that, irrespective of the PDE inhibitor or the NO donor used, 
neuronal fibers and/or astrocytes can be cGMP- 
immunoreactive, whereas in neuronal cell bodies in the cor- 
tex and hippocampus, almost without exception, no cGMP is 
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PDE5 E15 \ ~ PO _ P5 




33 . £ F mri^^mi 





Fig. 5. Localization of PDE2, 
FDE5, and PDE9 mRNA in the 
hippocampus during development 
of the rat brain by nonradioactive 
in situ hybridization. The different 
sges, labeled A-F in each panel, 
are indicated in the upper right 
comer. Recording conditions were 
kept constant for each PDE ribo- 
probe. DG, dentate gyrus; Hip, 
hippocorapal area; LV t lateral ven- 
tricle. Scale bars * 500 urn (ap- 
plies to all parts). 



visualized (De Vente et al, 1998; Van Staveren et aL, 2001). 
In particular, cGMP-irnniimoreactivity has not been ob- 
served in hippocampal pyramidal cell bodies or cerebellar 



Purltinje cell bodies, although these cells are known to ex- 
press sGC (Burgunder and Cheung, 1994; GiuiH et ah, 1994), 
It was observed that PDE2, PDE5, and PDE9 mKNAs are 
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Pig. 6. Localization of PDE2, 
PDE5, and PDE9 mHNA in the 
cerebellum during development of 
the tat brain by nonradioactive in 
situ hybridisation. The different 
ages, labeled A-F in each panel, 
are indicated in the upper right 
corner, Recording conditions were 
kept constant for each PDE ribo- 
probe, Cb t cerebellum; Cbp, cho- 
roid plexus; E t external granule 
cell layer; G t granule cell layer; I, 
internal granule cell layer; M, mo- 
lecular layer; Met, metencephalon; 
PC, Purkinje cell layer. Scale 
bars — 5QD u,m (applies to all 
parts). 



PDE5 



i:P0 



PC 



•. : - : .cb:: 
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mainly expressed in neurons throughout the brain, Abun- 
dant somatic expression of multiple PDE family members 
could provide an explanation for the absence of cGMP- 
immunoreactivity in the cell bodies of many neurons. 



To summarize, our results show that PDE2, PDE5, and 
PDE9 rnRNAs are present throughout the developing 
CNS r and that each PDE family has a distinct localization 
pattern. The expression patterns are by and large main- 
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Fig. 7. Double staining af PDE2, PDE5 r and PDE9 mRNAs with 
NeuN or GFAP in adult rat cortical layer V, Sections hybridized with 
PDE2 (A-C), PDE5 (D-F), or PDE9 (G-I) anfciaense probes were 
double labeled for NeuN (B,E,H) or GFAP (C,FJ). Pictures from the 



antisense probes were taken using brightfield illumination, whereas 
NeuN and GFAP were photographed using a single fluorescence filter. 
Arrowheads indicate neurons. Scale bar = 100 u.m in I (applies to 



tained during brain development. PDE9 mRNA has the 
widest distribution and could function in cells to maintain 
low basal cGMP levels. PDE2 mRNA is strongly expressed 
in structures of the limbic system. PDE5 mRNA expres- 
sion is the most limited T being bigbly expressed only in 
cerebellar Purkinje cells, and to a lesser extent in cortex, 
hippocampus, and olfactory bulb. In addition, some cell 
types, such as Purkinje cells, pyramidal cells, mitral cells, 
and possibly some cortical neurons, express all three PDE 
families. The mRNA localization patterns suggest involve- 
ment of these cGMP-hydrolyzing PDE families in many 
different brain functions, including learning and memory 
processes and motor behavior. 
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Phosphodiesterase type 2 and the homeostasis of cyclic GMP in living thalamic 
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The ubiquitous second messenger cyclic GMP (cGMP) is synthesized by soluble guanylate cyclases in response to nitric oxide 
(NO) and degraded by phosphodiesterases (PDE). We studied the homeostasis of cGMP in living thalamic neurons by using the 
genetically encoded fluorescence resonance energy transfer sensor Cygnet expressed in brain slices through viral gene transfer. 
Natriuretic peptides had no effect on cGMP. Basal cGMP levels decreased upon inhibition of NO synthases or soluble guanylate 
cyclases and increased when PDEs were inhibited. Single cell RT-PCR analysis showed that thalamic neurons express PDEL 
PDE2. PDE9. and PDE10. Basal cGMP levels were increased by the PDE2 inhibitors erythn>9-(2-hydroxy-3-nonyl) adenine 
(EHNA) and BAY60-7550 but were unaffected by PDE1 or PDE10 inhibitors. We conclude that PDE2 regulates the basal cGMP 
concentration in thalamic neurons. In addition, in the presence of 3-isoburyl-l-methyixanthine (IBMX). cGMP still decreased after 
application of a NO donor. Probenecid, a blocker of cGMP transporters, had no effect on this decrease, leaving PDE9 as a possible 
candidate for decreasing cGMP concentration. Basal cGMP level is poised at an intermediate level from which it can be up or 
down-regulated according to the cyclase and PDE activities. 
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Selective blockade of phosphodiesterase types 2, 5 and 9 
results in cyclic 3'5' guanosine monophosphate accumulation 
in retinal pigment epithelium cells 

R M H Diederen, E C La Heij, M Markerink-van Ittersum, A Kijlstra, F Hendrikse, J de Vente 



Br J Ophthalmol 2007;91:379-384. doi: 10.1 1 36/bjo.2006. 100628 

Aim: Ta investigate which phosphodiesterase (PDE] is involved in regulating cyclic 3 '5' guanosine 
monophosphate breakdown in retinal pigment epithelium |RPE) cells. 

Methods: cGMP content in the cultured RPE cells (D407 cell line) was evaluated by rmmunocytochemistry in 
the presence of non-selective or isoform-selective PDE inhibitors in combination with the particulate guanylyl 
cyclase stimulator atrial natriuretic peptide (ANP) or the soluble guanylyl cyclase stimulator sodium 
nitroprusside [SNPK mRNA expression oF PDE2, PDE5 ond PDE9 was studied in cultured human RPE cells and 
rat RPE eel! layers using non- radioactive in situ hybridisation. 

Results; In the absence of PDE inhibitors, cGMP levels in cultured RPE cells are very low. cGMP accumulation 
was readily detected in cultured human RPE cells after incubation with Bay6O7550 as a selective PDE2 
inhibitor, sildenafil as a selective PDE5 inhibitor or Sch51 866 as a selective PDE9 inhibitor. In the presence oF 
PDE inhibition, cGMP content increased markedly after stimulation of the particulate guanylyl cyclase. mRNA 
of PDE2,PDE5 and PDE9 was detected in all cultured human RPE cells and also in rat RPE cell layers. 
Conclusions: PDE2, PDE5 and PDE9 have a role in cGMP metabolism in RPE cells. 
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ndwidual ceils were grouped in defined grey value classes. 
Numbers are the means or three experiments (six pictures 
were taken per incubation in each experiment) and they 
express the percentage of cells in each of the four intensity 
classes. 

Cyclic 3 ',5 '-guanosine monophosphate (cGMP), a central 
molecule in the phototransduction cascade, 1 - is also involved in 
several other physiological processes in the retina. cGMP 
stimulates the absorption of subretinal fluid by activating the 
retinaJ pigment epithelium (RPE) cell pump, 3 4 Recently, we 
found that retinal detachment was associated with a decrease 
in the cGMP concentration in the subretinal fluid as compared 
with controls.* These findings prompted us to investigate the 
mechanisms involved in retinal cGMP metabolism. 

Intracellular concentrations of cGMP represent the net 
balance between synthesis by guanylyl cyclases and breakdown 
by 3\5' cyclic nucleotide phosphodiesterases {PDEs). ft PDEs 
comprise a large group of enzymes that hydrolyse cyclic 
adenosine monophosphate (cAMP) and cGMP to their inactive 
5' derivates. Eleven different subfamilies of PDE isozymes 
(PDE1-PDEI1) are known. The classification is based on their 
affinities for cGMP and cAMP, and several proteomic and 
genomic characteristics. 7 PDE2, PDE5, PDE 6, PDE 9 and PDE10 
are the major cGMP-degrading enzymes.**" 1 " PDE 10, which 
hydrolyses both cAMP and cGMP, was however not detected in 
the eye, and PDE6 is known to be present only in retinal 
photoreceptor cells. n H 

cAMP-hydrolysing and cGMP-hydroiysing activities have 
been detected in homogenates of cultured pigment epithelium 
from rats. 15 Although the first papers about PDE activity in KPE 
cells were already published in the early 19S0s, Ift 17 no data are 
available on the expression of the individual PDE isoforms that 
have been characterised over the past 10 years. 

RPE ceils are in close contact with the photoreceptor layer 
and facilitate the supply of necessary substrates, including 
oxygen, to the photoreceptor cells. We have found that RPE 
cells are capable of producing cGMP and most cGMP is 



generated after stimulation of the particulate guanylyl cyclase 
pathway and simultaneous non-selective PDE inhibition with 
3-isobutyl-l-methylxanthine (IBMX; Diederen, unpublished 
data). 

The aim of this study was to identify the PDE isoforms 
involved in the cGMP breakdown in RPE cells. To investigate 
PDE activity in RPE cells, we studied cGMP accumulation in the 
RPE cells after stimulating particulate or soluble guanylyl 
cyclase in the presence of PDE inhibitors with different 
selection properties. We used IB?VLX as a non-specific PDE 
inhibitor, Bay 60-7550 as a selective PDE2 inhibitor/ 15 sildenafil 
as a selective PDE5 inhibitor and Sch 51866 as a selective PDE9 
inhibitor. 1 * In addition, mRNA expression of PDE2, PDE5 and 
PDE9 was studied in cultured human RPE ceils using non- 
radioactive in situ hybridisation. As it is impossible to detect the 
in situ hybridisation signal in pigmented RPE ceils, we studied 
the in vivo situation by analysing the mRNA expression of 
PDE2, PDE5 and PDE9 in the unpigmented RPE cell layer of 
albino Lewis rats. 

Our results indicate that PDE2, PDE5 and PDE9 are present 
in cultured human RPE cells and rat RPE cell layers, and that 
these different PDE isoforms have a role in con trailing cGMP 
levels in RPE cells. 

METHODS 
Cell culture 

Human RPE cells (D407 cell line) 1 * were suspended in 
Dulbecco's modified Eagle's medium containing 5% fetal calf 
serum, 2 mM glutamine and 100 ug/ml penicillin streptomycin, 
at a concentration of 0.5-1 .0x1 0 & viable cells/ml. Portions of 
the suspension {1 ml) were seeded on to 40 mm diameter 



Abbreviations: ANP, atrial natriuretic peptide; cAMP, cyclic adenosine 
monophosphate; cGMP, cyclic 3',5'puanosine monophosphate; DIG, 
digoxigenin; IBMX, 3-i5DbutyM -metfiylxanihine; PDE, phosphodiesterase; 
RPE, retinal pigment epithelium; 5NP, sodium nitroprusside; SSC, TBS, 
TTCIS-buffered saline; TB5-T, TRIS-buffered saline Triton X 
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Table 1 cyclic 3'5' guonosins; monophosphate fluorescence intensity in human retinal 
•plgmenl" epithelium cel|s after incubation wltfi i different phosphodiesterase inhibitors. and .: 
guanylyl cyclase stimulation . : 
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plastic pctridishes and incubated at 37 C C in a humidified 
atmosphere of 95% air and 5% CCX 

Pharmacology 

Twenty four hours after seeding, the subconfiuent RPE cells 
were incubated for 40 min in aeraLed Krebs buffer (pH 7.4) 
with or without the folio wing compounds; 1 mM IBMX (non- 
specific PDE inhibitor,' Sigma ) r 1.0 pM Bay 60-7550 (seledive 
PDE2 inhibitor), 1 ' 10 sildenafil (selective PDE5 inhibitor) 
and 10 uM Sch51S66 (selective PDE9 inhibitor) J 1 During the 
last 10 min of the incubation, the cells were stimulated 
with 100 pM of the NO donor sodium nitroprusside (SNP) or 
0.1 uM atria! natriuretic peptide (ANP). 

Immunohistochemistry 

After fixation with 4% freshly depolyiuerised paraformaldehyde 
in the cold (4°Q, the cells were washed 3x5 min, twice with 
TR13 -buffered saline (TBS ) and once with TBS containing 0.3% 
Triton X-100 (TBS-T). Cells were incubated overnight at 4 D C 



with the primary antibodies. cGMP was visualised using sheep 
polyclonal ana*- formaldehyde- fixed cGMP antiserum diluted 
1:4000 in TBS-T. iq Cells were washed for 15 min with TBS, TBS- 
T and TBS, respectively. The cells were then incubated ivith 
Alexa 488 conjugated donkey anti- sheep irnjnunoglobin (Ig)G 
(Molecular Probes) diluted 1:100 in TBS-T for 1.5 h at room 
temperature. Negative controls were processed in exactly the 
same way, with the omission of the primary antibody. After 
three further washings with TBS, the cells were cover-slipped 
with TBS/glycerol ( 1 :2 v/v). 

Rats 

Adult male Lewis rats (200-240 g) were reared under standard 
conditions and were cared for in accordance with the guidelines 
of the Association for Research in Vision and Ophthalmology 
Statement for the use of animals in ophthalmic and vision 
research. The animals were decapitated and their eyes were 
immediately frozen. Frozen sections of 10 pm were cut and 
kept at — S0°C until the experiment was completed. 
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Figure 1 Cyclic 3',5 r guc]no5ine monophosphole fluorescence rnlensily in 
human retinal pigment epithelium cells after incubation wtlh different 
pho5p ho dies le rase inhibitors and guanyly! cyclase stimulation with 0.1 pM 
atrial natriuretic peptide. Individual cells were grouped in defined grey 
value classes. Numbers are the means of three experiments (six pictures 
were taken per incubation in each experiment) and ihey express the 
percentage of cells in each of the four intensity classes. 



In situ hybridisation of PDE2, PDE5 and PDE9 

In situ hybridisation was performed with digoxigenin. (DIG) 
labelled RNA probes as described previously/' Frozen sections 
were thawed for 10 min at 50°C and thereafter fixed with 4% 
paraformaldehyde in 0,1 M phosphate buffer for 20 min at 
room temperature. The RPE cells were fixed with 4% 
paraformaldehyde in 0.1 M phosphate buffer For 30 min at 
4°C. The samples (sections and cells) were then washed shortly 
with phosphate buffered saline and incubated for 10 min with 
0.1 M triethanoiamine containing 0.25% acetic anhydride. 
Samples were washed two times with 2x SSC and thereafter 
washed at 37°C with 2x SSC containing 50% formamide. 
Hybridisation was performed overnight in a humid chamber at 
55^ under cover slips in 100-200 pi hybridisation mix (50% ( v/ 
v) deionised formamide, 250 ug/ml salmon sperm DMA, i mg/ 
ml tRNA, 10% dextran sulphate, 2x SSC, lx Denhardt's 
solution and 200 ng/ml DIG-labelled RNA probe). After 
hybridisation, the samples were washed in 2x SSC, lx SSC 
and 0.1 x SSC: ail solutions containing 50% formamide. Each 
wash step was performed at 55*C for 20 min. Next, the samples 
were treated with RNAse Tl 2 U/ml (Roche) in 2x SSC 
containing 1 mM EDTA for 15 min at 37°C, followed by a 
20 min wash with t x SSC and a 10 min wash with 2x SSC. 
The samples were then incubated for 5 min with buffer 1 
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Figure 2 Cyclic S'^'guanosine monophosphate tmmunoreacjtvity in human retinal pigment epithelium cell. (A) Without phosphodiesterase inhibition. {B, 
E) Combination of 1 ,0 Bay 60-7550 and 0,1 atrial natriuretic peptide. |C t F) Combincrfian of 1 0 uM sildenafil ana 0.1 uM ANP. (D) Gombination 
of 1 0 iiM Sch51 866 and 0.1 uM ANP. Sections incubated without primary antibody show no cGMP immunoreadivity [not shown). Pictures are nol taken 
from the same experiment. Scale bar is 100 jim in B-D 50 urn in A, E and F. 



(0.15 M NaCl and 0J M maletc add (pH 7.5)) followed by 
blocking for 2 hr at reverse transcription with buffer 2 (0.15 M 
NaCl, 0.1 M rnaJeic add (pH 7.5) and 1% blocking reagent 
(Roche, 1096176)) containing 5% sheep serum. Next, samples 
were incubated overnight with a 1:2000 dilution of anti-DIG- 
alkaline phosphatase (Roche) in buffer 2 containing 1% sheep 
serum. Samples were washed three times with buffer 1, 
followed by washing for 10 min with TBS containing 0,025% 
Tween 20 and thereafter, three times for 5 min with TBS. After 
two washes in buffer 3 (0.1 M TRIS-HCl (pH 9 5), 0,1 M NaCl 
and 0.05 M magnesium chloride), the samples were incubated 
with freshly prepared nitroblue tetra^olium and 5-bromo-4- 
chloro-3-indolyl-phosphate in buffer 4 (0.05 M TRIS (pH 9.5) 
0.1 M NaCl, 6% polyvinylalcohol, 0.05 M MgCU 1 mM 
levamisole) and stained overnight in the dark at 25 1. The 
colour reaction was stopped with 0.01 M TRIS-HC1-1 mM 
EDTA (pH 8.0). 

Quantification of immunostainings 

Immunostainings were examined using an Olympus Ax 70 
microscope equipped with a cooled charge couple devices 
Olympus F-view camera. Experiments were repeated three 
times. From each incubation setting, six images were randomly 
chosen. Each image contained at least 50 RPE cells. 
Fluorescence intensities were converted into grey values 
(Analysis, Softimaging system) ranging from 0 (blank) to 
4096 (white). After establishing a threshold setting using a 



blank preparation incubated with the secondary antibody only, 
five classes with increasing grey values were set as 0-300 
(blank), 301-600, 601-1500, 1501-2700 and 2701-4096, Ail 
cells were classified according to the highest grey value they 
showed (table 1). The mean percentage of cells in each class 
was calculated Tor the six images taken from each Incubation 
setting. The mean percentage was calculated for the three 
experiments. The distributions of the cells over the different 
classes were analysed using the %" test. 

RESULTS 

Effect of PDE inhibition on cGMP levels in cultured 
human RPE cells 

In unstimulated cells incubated without PDE inhibition, a low 
level of cGMP immunoreactivity was visualised in the cells 
(table 1; fig 2A). Hardly any differentiation in the intensity of 
the cGMP immunofluorescence was present. Addition of 1 mM 
IEMX to the incubation medium resulted in a general increase 
in the intensity of the cGMP immunostaining. We also observed 
more differentiation in the intensity of the cGMP immuno- 
fluorescence seen compared with the intensity after incubation 
without PDE inhibition (table 1). 

Incubation or the cells without stimulation of sGC or pGC, 
although in the presence of Bay 60-7550 (PDE2 inhibitor), 
sildenafil (PDE5 inhibitor) and 5ch51S66 (PDE 9 inhibitor), did 
not increase cGMP immunoreactivity compared with incuba- 
tion without PDE inhibition (table 1). 
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Figure 3 h siru hybndisaHan of phosphodiesterase PDE2, PDE5 and PDE9 in human retinal pigment epithelium cells, Localisation of (A) PDE2 mf?NA, |B} 
localisation of PDE5 mRNA and (Q PDE9 mRNA, |D] Hybridisation with the sense probe of PDE9. Scale bor is 100 urn. 



Exposure of RPE ceils to 0,1 jiM ANP in combination with 
Bay60-7550, sildenafil or Sch51866 resulted in a strong 
increase in cGMP irnrnunareactivity in £i large number of cells 
(figs 1 and 2). Figures 1 and 2 show that die effect of sildenafil 



and IBMX are quite similar, both with several cells in the 
highest grey value intensity class. The effect of Bay6Q-7550 is 
more homogenous in all cells, resulting in 88% of the cells in 
the second grey value intensity class. The distribution of GMP 




Figure 4 In siiu hybridisation af phosphodiesterase PDE2, PDE5 and PDE9 rat relinal pigment epithelium cell layers. Localisation of |A) PDE2 mRNA, |B) 
PDE5 mRNA and (C( PDE9 mRNA (D) Hybridisation with the sense probe of PDE9. "RPE ceil layer. Scale bar is 1 00 urn in A, B and D. Scale bar is 50 [im in 
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throughout the cytoplasm is not homogeneous but seemed to 
be compartmentalised in many cells (fig 2). This holds true for 
all three PDE inhibitors. These results show that Bay 60-7550 
sildenafil and Sch51866 were able to inhibit PDE activity. We 
found no major stimulating effect of SNP on cGMP synthesis in 
the presence of all three PDE inhibitors. 

mRNA expression 

Non-radioactive in situ hybridisation was used to study the 
mRNA expression patterns of PDE2, PDE5 and PDE9, RPE cells 
were hybridised with antisense and sense probes from these 
three different PDE families. In human RPE cell cultures, PDE 
2, PDE5 and PDE9 mRNAs were detected in all cells, and most 
of the mRNA was visualised concentrated around the nucleus 
(fig 3). Control sections hybridised with sense probes did not 
show any specific staining. 

Rat RPE cell layers were also hybridised with antisense and 
sense probes from PDE2, PDE5 and PD E9 P andmRNA of PDE 2, 
PDE5 and PDE9 was shown to be present {Iig 4). The in situ 
hybridisation signal was present in all RPE cells almost to the 
same extent. Control sections hybridised with sense probes did 
not show any specific staining. 

DISCUSSION 

We investigated die contribution of three i so forms of the PDE 
family of enzymes in controlling cGMP levels in human RPE 
cell cultures. Data obtained by using selective PDE inhibitors in 
combination with cGMP immunocytochenrisiry indicate that at 
least PDE 2, PDE 5 and PDE9 are present in. cultured human 
RPE cells. This was confirmed by the presence of mRNA of PDE 
2, PDE5 and PDE9 in the human RPE cells and rat RPE cell 
layers studied by using in situ hybridisation. These three 
different PDE isoforms seem to be involved in controlling cGMP 
levels in RPE cells, as PDE 10 was found not to be present in the 
eye. 13 Differences in mRNA expression between cells may be 
caused by cells being in a different cell cycle phase. Therefore, it 
is not surprising that a similar difference in the localisation of 
cGMP immunocytodiemistry was observed in the cells, 
irrespective of the PDE inhibitor being present during the 
incubation. 

PDE2 has an almost equal affinity for cGMP and CAMP. 
However, cAMP hydrolysis is gready stimulated by Idw levels of 
cGMP. 14 The compound Bay60-7550 is a highly selective 
inhibitor of PDE2 and more potent than erythro-9-(2- 
hydroxy-3-nonyl) adenine, which is generally used as a PDE2 
inhibitor, JB In addition, in contrast to erythro-9-<2-hydroxy-3- 
nonyl) adenine, Bay 60-7550 is devoid of adenosine deaminase 
activity. 1 * 

PDE 5 has been implicated in the control of vascular 
resistance. 14 Also in the retina, PDE5 was shown to have a 
possible role in the regulation of retinal blood flow. 21 Sildenafil, 
a relatively selective inhibitor for PDE5, also weakly inhibits 
PDE6 r an enzyme involved in the process of phototransducdon, 
with an efficacy of 1/10 of that for PDE 5.^ A single oral dose of 
100 mg sildenafil causes impaired photoreceptor function, 
which is being attributed to weak inhibition of PDE6 by 
sildenafil/'- 5 To date, PDE6 is known to be present only in 
retinal photoreceptor cells. H 

As PDE9 has the highest affinity for cGMP of all the 
mammalian PDEs, this enzyme can have a fundamental role in 
keeping cGMP at a low basal level* En contrast with the other 
PDEs, PDE9 is not inhibited by 1BMX. 11 » Sch51S66 is a 
somewhat selective inhibitor of PDE9 as it also weakly inhibits 
PDE5, with an efficacy of 1/15 or that for PDE9.' 9 So the effect 
of Sch51S6G on the cGMP immuno reactivity in the current 
study cannot be solely attributed to inhibition of PDE9. 
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Using in situ hybridisation, we showed the presence or PDE2, 
PDE5 and PDE9 mRNA in RPE cells, but this is not a 
quantitative technique. The unmunohistochemistry data clearly 
show diat a combination of sildenafil and ANP results in the 
largest percentage of cells in the highest grey value intensity 
class compared with other incubation settings. This may 
indicate a prominent role of PDE5 in cGMP breakdown in 
RPE cells. 

The D407 cell line was shown to retain many of the metabolic 
and morphological characteristics of RPE cells in vivo, although 
there are same minor differences. 1 * Given our results, it may be 
concluded that the expressions of PDE2, PDES and PDE9 are 
similar in the D4D7 cell line compared with those in rat RPE 
cells in vivo. 

The major function for PDEs in the cell is to terrninate the 
amplitude and duration of rite cyclic nucleotide second 
messenger signal. 1 * As shown previously, retinal detachment 
is associated with a decrease in the cGMP concentration in the 
subretinal fluid.* Hypoxia due to retinal detachment may cause 
a reduced activity of guanytyl cyclases that produce cGMP. This 
could lead to a reduced expression of cGMP by retinal cells after 
retinal detachment. By knowing the specific PDE families 
located in retinal cells, these enzymes could in the future 
become therapeutic targets to limit cGMP breakdown by using 
selective PDE inhibitors. Clinically, this could be important as 
cGMP is known for its stimulating role in the reabsorption of 
the subretinal fluid by activating the RPE pump. 5 * 

Tn conclusion, our results show that there is a complex 
regulation of cGMP synthesis in RPE cells. The three PDE 
isoforms, PDE2 r PDE5 and PDE9, are involved in the break- 
down of cGMP in these cells. This process of controlling cGMP 
levels might have a role in the regulation of fluid absorption 
from the subretinal space by RPE cells. 
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Abstract 



NO-responsive, cGMP-producing structures are abundantly present in the cervical spinal cord. NO-mediated cGMP synthesis has been 
implicated in nociceptive signaling and it has been demonstrated that cGMP has a role establishing synaptic connections in the spinal cord during 
development As cGMP levels are controlled by the activity of soluble guanylyl cyclase (synthesis) and the phosphodiesterase (PDE) activity 
(breakdown), we studied the influence of PDE activity on NO-stimulated cGMP levels in the rat cervical spinal cord. 

cGMP-immunoreactivity (cGMP-IR) was localized in sections prepared from slices incubated in vitro. A number of reported PDE isoform- 
selective PDE inhibitors was studied in combination with diethyiamineNONOate (DEANO) as a NO-donor including isobutyl-methylxanfhine 
(IBMX) as a non-selective PDE inhibitor. We studied 8-methoxy-IBMX as a selective PDE1 inhibitor erythro-9-(2-hydroxy-3-nonyl)adenine 
(EHNA) and BAY 60-7550 as selective PDE2 inhibitors, sildenafil as a selective PDE5 inhibitor, dipyridamole as a mixed type PDE5 and PDE 10 
inhibitor, rolipram as a PDE4 inhibitor, and SCH 8 1 566 as a selective PDE9 inhibitor. cGMP-IR structures (nerve fibers, axons, and terminals) were 
characterized using the following neurochemical markers: vesicular transporter molecules for acetylcholine, GABA, and glutamate (type 1 and 
type 2), parvalburnin, glutamate transporter molecule EAAT3, synaptophysin, substance P, calcitonin gene-related peptide, and isolectin B4. Most 
intense cGMP-IR was observed in the dorsal lamina. Ventral motor neurons were devoid of cGMP-IR. cGMP-IR was observed in GABAergic, and 
glutamatergic terminals in all gray matter laminae. cGMP-IR was abundantly colocalized with anti -vesicular glutamate transporter 2 (vGLUT2), 
however not with the anti -vesicular glutamale transporter J (vGLUTl), suggesting afunctional difference between structures expressing vGLUTl 
or vGLUT2. cGMP-IR did not colocalize with substance P- or calcitonin-gene related peptide-IR structures, however djd partially coiocalize with 
isolectin B4 in the dorsal horn. cGMP-IR in cholinergic structures was observed in dorsal root fibers entering the spinal cord, occasionally in 
laminae 1-3, in laminae 8 and 9 in isolated boutons and in the C-type terminals, and in small cells and varicosities in lamina 10. This latter 
observation suggests that the proprioceptive interneurons arising in lamina 10 are also NO-responsive, 

No region-specific nor a constant co-expression of cGMP-IR with various neuronal markers was observed after incubation of the slices with one 
of the selected PDE inhibitors. Expression of the mRNA of PDE2, 5, and 9 was observed in all lamina. The ventral motor neurons and the 
cpcndymal cells lining the central canal expressed all three PDE isoforms. 

Incubation of the slices in the presence of IBMX, DEANO in combination with BAY 41-2272, a NO-independent activator of soluble guanylyl 
cyclase, provided evidence for endogenous NO synthesis in the slice preparations and enhanced cGMP-IR in all lamina. Under these conditions 
cGMP-IR colocalized with substance P in a subpopulation of substance P-IR fibers. 

It is concluded that NO functions as a retrograde neurotransmitter in the spinal cord but that also postsynaptic structures are NO-responsive by 
producing cGMP. cGMP-IR in a subpopulation of isolectin B4 positive fibers and boutons is indicative for a role of NO-cGMP signaling in 
nociceptive processing. cGMP levels in the spinal cord are controlled by the concerted action of a number of PDE isoforms, which can be present in 
the same cell 

© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 

NO has an important messenger function in the nervous 
system of probably all animals species (Alonso et aL, 2000; 
Scholz and Truman, 2000), NO synthesis is catalyzed by the 
enzyme nitric oxide synthase (NOS), In the mammalian central 
nervous system, the constitutively expressed neuronal isoform 
of the enzyme (nNOS) has a wide-spread localization and can 
be observed in virtually every (sub)region. Nevertheless, there 
are large differences in the amount of NOS expressed in the 
various regions of the CNS (Bredt et ai M 1990; Vincent and 
Kimura, 1992; Southam and Garthwaite, 1.993; De Vente et al. t 
1998). The target molecule for NO is the so-called soluble 
isoform of guanylyl cyclase sGC (Murad, 1994), also 
designated NOgcR (Denninger and Marietta, 1999; Friebe 
and Koesling, 2003; Koesling et aL, 2004). 

NO-in dependent cGMP signaling can occur through 
activation of the receptor-operated, membrane-bound particu- 
late GC (pGC) by natriuretic peptides (Tamura et al. t 2001) (see 
the accompanying paper by De Vente et aL). In addition, 
compounds like YC-1 (Wu et aL, 1995a, 1995b) and BAY 41- 
2272 and related compounds (Becker et aL, 2001 ; Stasch et aL, 
1991) are NO-independent activators of sGC and potentiate the 
action of NO on the enzyme. It has been proposed that these 
compounds can be used to sense endogenous NO production 
(Ott et aL, 2004; Van Staveren et aL, 2005). 

NO-cGMP signaling in the brain has been observed in 
virtually every region of the brain (e.g. Southam and 
Garthwaite, 1993; De Vente et aL. 1998). Less data are 
available on NO-cGMP signaling in the spinal cord. Using in 
vitro experiments with spinal cord slices NO-mediated cGMP 
production was demonstrated throughout the gray matter of the 
spinal cord (Vies et aL, 2000), These experiments were all 
performed in the presence of isobutyl-methylxanthine (IBMX) 
as a non-specific phosphodiesterase (PDE) inhibitor in order to 
inhibit cGMP hydrolysis, as PDE activity in neural tissue is 
high, and it is almost impossible to localize the sites of 
synthesis of cGMP by means of cGMP-immunocytochemistry 
(cGMP-ICC) without inhibiting PDE activity. Presently, 11 
subfamilies of PDE's are known. Subfamilies have been 
classified on the basis of structural data, and on the basis of 
substrate and inhibitor profiles (Beavo, 1995; Conti and Jin, 
1999; Francis et aL, 2001), PDE's which are important in 
controlling cGMP metabolism in the CNS are PDE1, PDE2, 
PDE5, PDE6, PDE9, and PDE10. Of these, PDE6 is only 
present in the retina (Beavo, 1995), Specific isoforms of the 
PDE's show a selective regional localization in the brain and it 
has become evident that several PDE isoforms can be expressed 
in the same cell (Juilfs et aL, 1997; Andreeva et aL, 2001; 
Bellamy and Garthwaite, 2001; Van Staveren et aL, 2003). 

There is evidence that cGMP is involved in (antinociceptive 
processing in the spinal cord (Kitto et aL, 1992; Siegan et aL, 
1996; Inoue et aL, 1998; Ferreira et aL, 1999; Tegeder et aL, 
2004). It has been demonstrated that during development 
cGMP is involved in patterning of the sensory input into the 
spinal cord and also in synaptic arrangements in the gray matter 
(Inglis et aL, 1998; Schmidt et aL, 2002). As cGMP levels are 



controlled by PDE activity, and there is no information on the 
cellular localization of PDE's in the spinal cord, we 
investigated the localization of the mRNA of the cGMP- 
hydrolyzing PDE's2, 5, and 9. In addition, in an attempt to 
study the contribution of these three PDE's to NO-cGMP 
signaling in the spinal cord, we investigated the effects of a 
number of PDE inhibitors of different selectivity on the 
localization of NO-mediated cGMP synthesis in the slices of 
the rat cervical spinal cord and attempted to characterize the 
cGMP-immunoreactive (cGMP-IR) structures in terms of 
known neurotransmitters in the spinal cord. 

2, Materials and methods 

2J. Materials 

DiethylamineNONOale (DEANO) T dipyridamole, erythro-9-(2-hydroxy- 
3-nonyl)adenine (EHNA), A^-nitro-L-arginine (i_-NAME) r isobutyl-methyl- 
xanthine, 8-methoxy-LBMX t and TRlTC-conjugated isolectin B4 were from 
Sigma-Aldrich. Rolipram was from RBI. lH-[l,2,4]oxadiazolo[4 r 3-a]-qui- 
noxalin-l-one (ODQ) was from Tocris Cookson Ltd, Sildenafil was a gift of 
Pfizer, Sandwich, UK. SCH 5 1 B66 was a gift of Schering-Plough, Kentlworth, 
NJ, USA. 5-Cyclopropy]-2-[l-(2-nuoro-benzy]0-l H-pyrazDlo[3,4-b]pyridin- 
B-yll-pyrimidtn-^yl amine (BAY 41-2272) and 2^(3,4-dimethoxybenzyl)-7- 
{ ( 1R)- l-K 1 R)- 1-hy droxyethyl] -4-pheny] butyl ] -S-methyl-imidazofr t - 
rj[l t 2 r 4]triazm-4C3H}-one (BAY 60-7550) were gifts of Bayer, Wuppertal, 
Germany, Rabbit antibodies: anti-parvalbumin was a gift of P.C Emson 
(Cambridge, UK); anti-neuronal glittamate transporter (EAAT3) (Fumta 
ct ill., 1997) was a gift of J.D. Rolhslein (Baltimore, MD t USA); antiserum 
against the £1 -summit of sGC was from S. Behrends {Toronto, Canada) 
(Behrends et aL, 2001); anti-vesicular acetylcholine transporter (vAChT) 
was from Phoenix Pharmaceuticals; anti-synaptophysin from Chemicon; 
anti-substance P (SP) from Santa Cruz Biotechnology; anti-CGRP from 
Calbiochem; an ti -vesicular GABA transporter (vGAT), anti-vesicular gluta- 
mate transporter 1 (vGLUTl), and anli-vestcular glutamate transporter 2 
(vGLUT2) were from Synaptic Systems. Anti-formal dehyde-fixed-cGMP 
serum (De Vente et al. r 1987; Tanaka et al. t 1997) was raised in sheep. Alexa 
Fluor 488 donkey anti-sheep and Alexa Fluor 594 donkey anti-rabbit IgG 
conjugates were from Invitrogen, Donkey unit-sheep F1TC conjugate and 
donkey anti-rabbi l CY-3 conjugate were obtained from Jackson. 

2,2. Animals 

Male Lewis rats (aged three to four months) were reared under standard 
conditions at the local animal facility. Experiments were approved by the 
University committee on animal welfare according to Dutch governmental 
rules. 

23. In vitro incubation of spinal cord slices 

Animals were decapitated and the cervical and thoracal spinal column was 
removed within 1 min, and put in ice-cold aerated Krcbs buffer. The spinal cord 
was dissected out and the meninges were carefully removed. This procedure 
took approximately 5 min. The tissue was kept constantly under ice-cold 
arcated Krebs buffer of the following composition: 121.1 mM NaCI, 
l.B7mM KCI t 1.17 mM KH 2 P0 4 , 1.15 mM MgSO it 26.2 mM NaHC0 3f 
2.0 mM CaCI 2 and 1 1 .0 mM glucose, aerated with 95% 0 2 and 5% CO a 
(carbogen) at pH 7.4. 

The caudal side of the cervical spinal cord was glued onto a support with 
superglue and supported by a block of agar. Transverse slices (400 jxm) were cut 
of the cervical spinal cord while submerged in Krcbs buffer as described above, 
under controlled temperature of 4 C C and constant aeration with carbogen. 
Cutting was performed using an Integra-slicer 7550 PSDS (Campden Instru- 
ments) equipped with a ceramic knife, 
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Longitudinal slices (400 u-m) were prepared using a Mcllwain tissue 
chopper (The Miccje Engineering Company Ltd.). The slices were separated 
from each other while submerged in ice-cold Krcbs buffer as described above. 

After sectioning, slices were equilibrated in Krebs buffer bubbled with 
carbogen at room temperature for 15 min and then transferred into incubation 
wells and incubated for 40 min, while the temperature was slowly raised till 
35.5 E C, in Krebs buffer in the presence or absence of PDE inhibitors under an 
atmosphere of carbogen. The final 10 min of incubation were in the presence of 
the NO-donor diethylamineNONOate (DEANO). NO-independent stimulation 
of sGC was investigated with BAY 41-2272 and this compound was present 
during the last 25 min of the incubation period. DEANO and IBMX were 
dissolved in Krebs buffer. The PDE inhibitors, ODQ and BAY 41-2272 were 
dissolved in dimethylsulfoxjde (DMSO), resulting in a final concentration of 
0.5% DMSO during the incubation. A similar concentration of DMSO was used 
in the appropriate controls. This concentration of DMSO has no measurable 
effect on cGMP levels in the spinal cord 

It has to be noted that our approach using spinal cord slices incubated in 
vitro leads to a comparison of drug effects in regions of the spinal cord that are 
not strictly the same as each experimental condition has to be tested in a separate 
slice. All PDE inhibitors were tested initially at three different concentrations: 
1, 10, and 100 u.M (BAY 60-7220 at 0.01, 0.1 , L0 t 10, and 100 u.M). Each PDE 
inhibitor was studied in four to six experiments (Indicated in the tables) at the 
next higher concentration than the concentration that in combination with 
DEANO resulted in an observable cGMP-LR in the sections. This procedure was 
adopted in an attempt to minimize interaction of the selective PDE inhibitors 
with other PDE's, as it is known that at high concentrations the PDE inhibitors 
lend to become unselective (e.g. Bellamy and Ganhwaile, 2D01). Selectivity 
data on the PDE inhibitors used is presented in Table 8. 

As a control, one slice with 1 mM IBMX in combination with 100 \jM 
DEANO was included in all experiments. In addition, in each experiment we 
included a slice incubated in the presence of the PDE inhibitor under study 
without DEANO. 

2.4. Immunacytochemistry 

After the incubation period, slices were fixed with an ice-cold fixative 
solution of 4% freshly prepared depolymerised paraformaldehyde in 0.1 M 
phosphate buffer (pH 7.4) for 30 min at 4 °C. Thereafter, slices were fixed for 
another 90 min with 4% formaldehyde containing 1 0% sucrose. After washing 
at 4 C C in 0.1 M phosphate buffer (pH 7.4) containing 109& sucrose for at least 
30 min t slices were aligned in a plane and snap-frozen with C0 2 in Tissue-Tek 
O.CT. compound (Sakura Fmetek). Cryostat sections (10 ^m) were cut and 
thawed onto laboratory-prepared chrome-alumn/getalin coated slides and 
stored at —20 ^C, or processed for immunocytochemistry. 

Frozen sections were dried for 20 min at room temperature, followed by 
three 5 min washes with Q.l M Tris-buffered saline, pH 7.4 (TBS). No blocking 
steps were included in immunostaining protocols. Incubation of the sections 
with the antibodies was done using two different protocols. Sections incubated 
with primary antibodies that were to be combined with donkey anti-sheep RTC 
conjugate (1 :50) or donkey antj-rabbit CY-3 conjugate (1 :B0O) t were incubated 
overnight at 4 °C with the primary antibodies diluted in TBS containing 0.3% 
Triton X-100 (TBS-T). These secondary antibodies were diluted in TBS-T. 

The Alexa Fluor 488 and Alex Fluor 594 cannot be used in TBS-T as we 
found that the Triton-X-100 unmasks an epitope in myelin which cross-reacts 
with the Alexa antibodies (see also Weruaga et ul„ 1 998). In combination with 
the Alexa Fluors (1 100) we incubated the sections with primary and secondary 
antibodies diluted in TBS only. Incubations with the primary antibodies were 
72 h at 4 C C, secondary antibodies were incubated for 2 h at room temperature, 
and the in-between washing protocols lasted 2 h each. 

Dilutions of the primary antibodies were as follows: sheep an ti* formal dc- 
hyde-fixed-cGMP (1:4000) (Tanaka et al., 1997); rabbit ami -vesicular acet- 
ylcholine transporter (1:2000); rabbit anti-parvalburnin (1:1500); rabbit antt- 
glutamate transporter (EAAT3, 1:300); rabbit anti-synaptophysin antibody 
(1:1000); rabbit anti-substance P (1:1000); rabbit anti-CGRP (1:3000); rabbit 
anti-vGAT (1:1500); rabbit anti-vGLUTl (1:1000); and rabbit anti~vGLUT2 
(1:1000); rabbit anti-pl sub-unit antiserum (1:2000). TRITC-conjugated iso- 
lectin B4 (IB4) was used in a dilution of 1 :50D. After washing, the sections were 
mounted with TBS-glycerol (1:3, v/v). 



As a control on the immunostainings we always incubated sections without 
the primary antibodies but in combination with the secondary antibodies used. 
Preabsorbtion studies with the cGMP-antibody have been reported repeatedly 
(see Tanaka et ah, 1997). 

2.5. In situ hybridization 

2.5.7. Probe preparation 

For the in situ hybridization of PDE2 r a pBS-i- vector containing a portion of 
rat PDE2 (nt 1964-2314, GenBank accession no. NM_031G79) was used. This 
construct (GenBank accession no. M94540) and the specificity of the probe has 
been previously described (Kepaske et al„ 1 993), 

The expression of PDE5 was studied by cloning a purt of the rat PDE5 
sequence (nl 2206-2580 r GenBank accession no. D89093) into the Sacl and 
EcoRl sites of a pCRITFOPO vector (Tnvitrogen). A probe comprising this part 
of PDE5 has been earlier described (Kotera et aL, 1997). 

PDE9 riboprobes were constructed from the mouse PDE9A1 as a template 
(Van Staveren et al„ 2002). 

All constructs were analyzed by DNA sequencing before probe synthesis. 
After restriction digestion of each construct, as described above, antisense and 
sense riboprobes were made from 5 DNA template by in vitro transcription 
with digoxigenin (DIG) labeled UTP using a DIG RNA labeling kit (Roche) 
according la the manufacturer's instructions. 

2.5.2. Hybridization procedures 

Animals were decapitated and their spinal cords were dissected, frozen in 
CQ 2 and stored at —80 a C until sectioning. Frozen serial sagittal sections 
(14 p,m) were cut and thawed onto SuperFrost Plus slides (Menzel-GIiiser) and 
stored at -80 °C until use. Three animals were studied and from each animal 
consecutive sections were used for hybridization of PDE2, PDE5 and PDE9 
with sense and antisense probes, exacdy as described previously (Van Staveren 
et aL, 2003). These experiments were repeated three times. 

2.6. Microscopy 

Sections were examined using an Olympus AX70 microscope equipped 
with an Olympus F-view cooled CCD camera. For the epifluorescence detection 
we used a narrow band pass MNIBA filter for Alexa Fluor 48 B in combination 
with a narrow beam excitation filter U-M41 007A for the detection of Alexa 
Fluor 594 (both filters are from Chroma Technologies). This filter combination 
prevented bleeding of the Alexa Fluors (see Fig. 1 ), Tmages were initially stored 
as 1 6 bits images and gray values were reduced to 4095 using a linear function 
(analySIS® vers.3.0 software, Soft Imaging System), Color images were 
obtained by merging the corresponding black and while images. For use in 
the Adobe Photoshop 7.0.1, the images were converted to 8 bits images and the 
number of gray values reduced to 265. 

3. Results 

3.1. Non-specific PDE inhibition using IBMX 

cGMP-IR in slices of the cervical spinal cord incubated in 
vitro was virtually absent if no PDE inhibitor was present 
(Fig, 2(a)), Addition of I mM IBMX resulted in the appearance 
of cGMP-IR in varicosities and fibers in the gray matter of the 
slices, especially in lamina 1-3 (Fig. 2(b)). The effect of IBMX 
could be inhibited by 10 jxM ODQ or 0. 1 mM l-NAME. These 
results suggest ongoing NO synthesis in the spinal cord slices 
(see also the section on the effects of BAY 41-2272), Addition 
of 100 uM DEANO to the slices in the presence of 1 mM 
IBMX resulted in abundant cGMP-IR throughout the gray 
matter, and in glial somata and ramifications in the white matter 
(Fig. 2(c)). 
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Alexa 488 ! £:| Alexa 488 ; I Alexa 594 I Alexa 594 




Fig. 1 . Absence of bleed-through with the optical filters used in this study for the fluorescence of the secondary antibodies used; (a) cGMP-immunn fluoresce nee using 
Alexa Fluor 4B8 through the bandpass MNTBA filter (longitudinal slice); (b) same specimen as in (a); fluorescence of Alexa Fluor488 through theU-M41007A filter; 
(c) CGRP-immunofluorescence using AJejcn Fluor 594 through the U-M41007A filter (transverse slice); and (d) same specimen as in {c): fluorescence of Alexa Fluor 
594 through the MN1BA filter. Bar represents 50 p.m. 



Characterization of the cGMP-IR structures after incubation 
of the slices in the presence of IBMX and DEANO, revealed 
that cGMP-IR colocalized to some extent with synaptophysin 
in all lamina of the gray matter (Fig. 3{a-f)), ColacaHzation 
between cGMMR and EAAT3 was observed only in layers J 
and 2 (Figs. 3(g-I) and 12(d-f)). cGMP-IR was also observed in 
a subpopulation of parvalbumin-positive cells and fibers in the 
gray matter (see Vies et aL, 2000). In addition, cGMP-IR was 
observed in the large cholinergic boutons surrounding the 
motor neurons in laminae 8 and 9 (Fig. 3(j)) and in varicose 
fibers in lamina 1 0 surrounding the central canal (see Vies et aL, 
2000), cGMP-IR did not colocalize with substance P (Fig. 4) or 



with CGRP (Fig. 5) in all laminae. Nevertheless, it was 
remarkable that cGMP-IR fibers ran often closely parallel to 
SP- (Fig. 4(d-f)) or CGRP-IR (Fig. 5(d)) fibers. A subpopula- 
tion of fibers and boutons that stained with IB4 were cGMP-IR 
(Fig. 5(e-j)}. These data are summarized in Table L 

3.2. PDEl inhibition using 8-methoxy-IBMX 

8-Methoxy-IBMX (8-Met-IBMX) has been described as a 
selective inhibitor of PDEl (Loughney et aL, 1996; Yu et al„ 
1.997). Stimulation of cGMP synthesis by DEANO in the 
presence of 100 |xM 8-Met-IBMX resulted in the appearance of 





Fig, 2. Effect of IB MX on the localization of cGMP-IRin the cervical spinul cord. Slices were incubated in absence of drugs (a); in the presence of 1 mM IBMX(b); 
and in the combined presence of 1 mM IBMX and 1 00 \lM DEANO (c). Bars indicate 500 ]xm in (a and c), and 1 00 jim in (b). 
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Fig. 3. Effect of IBMX on the localization of cGMP-IR in the cervical spinal cord. Slices were incubated in the presence of 1 mM IB MX and 100 \iM DEANO. The 
section shown in (a-c) is from a longitudinal slice; all other sections are from transverse slices. Sections (a) and (d) were double-immunostained for cGMP-IR and 
synaptophysin {b and e) showing extensive colocalization; section (g) was double-immunostained cGMP-IR and EAAT3 (h) and (i) showing very little ^localization; 
section (j) shows colocalization of cGMP-IR with vAChT in the ventral horn in varicosities and C-ierroinals, Bar in (a) represents 100 u,m for (a-f); bar in (g) 
represents 200 p.m r also for (h); bar in (i) represents 50 \tm also for (j). 



cGMP-IRin the same structures as observed when using IBMX 
(Fig. 6). cGMP synthesis was stimulated in varicose fibers 
throughout the gray matter and was clearly visible in the large 
cholinergic boutons (C-terminals) surrounding the motor 
neurons in the ventral horn (Fig, 6(b)). In addition, cGMP- 



IR was observed in cell somata which are positioned between 
the ependymal cells of the central canal and the gray matter of 
layer 10 (Fig. 6(c)). These cells often show finger-like 
protrusions through the ependymal cell layer making contact 
with the lumen of the central canal (arrow in Fig. 6(c)). 
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Fig, 4. Effect of TBMX on the localization of cGMP-IR in the cervical spinal cord. Slices were incubated in the presence of 1 mM IBMX and 100 p-M DEANO. 
Sections were double-immunostained for cGMP-IR and SP ((a-c), from a longitudinal slice). There is no colocalization between cGMP-IR and SP. The boxed area in 
(a) is shown enlarged in (d) using a 40 x objective. Bar in (a) represents 100 (j.m for (a-c); and bar in (d) represents 50 (im for (d-f). 



3.3. PDE2 inhibition using EHNA or BAY 60-7550 

Bay 60-7550 is a highly selective FDE2 inhibitor (Boess 
et al., 2004), At a concentration of 1 uJVl, the presence of this 
compound in combination with DEANO resulted in strong 
cGMP-IR in all gray matter layers and in fiber tracts and dot- 
like structures in the white matter. Colocalization studies gave 
the same results as described under EHNA. Colocalization 
betweeen cGMP-IR and synaptophysin was prominent in the 
dorsal and ventral horn, and in fibers running through the 
ventral white matter (Fig. 7(a-f)). C-terminals showed cGMP- 
IR frequently when using BAY 60-7550 as a PDE inhibitor. 
These results are summarized in Table 2. 

Until recently EHNA was the only available selective 
inhibitor of PDE2. In the presence of 100 uM EHNA, DEANO 
stimulates cGMP synthesis strongly in varicose fibers of the 
ventral horn (Fig. 7(g-i)) and in the dorsal horn (Fig. 7(H)), In 
addition, cGMP-IR is visualized in the neuropil of all layers of 
the gray matter. cGMP-IR was also observed in the white matter 
where it appeared as a dot-like staining- cGMP-IR colocalized 



partly with the EAAT3 immunostaining, especially in 
varicosities in the dorsal horn (Fig, 7(H)) but never in the 
cell somata. This colocalization was minor in the ventral horn 
(not shown). Using EHNA as a PDE inhibitor, cGMP-IR was 
observed in parvalbumin-immunopositive structures in the 
dorsal horn (Fig, 12(g-I)) but was almost totally absent in the 
ventral horn (Fig, 7(g-I)), Synaptophysin was observed to 
colocalize with cGMP-IR in the dorsal and ventral horn. In 
addition, we found synaptophysin to be present in the large 
cholinergic boutons around the motor neurons and a few of the 
boutons were also cGMP-iirimunoreactive (not shown). These 
observations are summarized in Table 3. 

3.4. PDE5 inhibition using dipyridamole or sildenafil 

Dipyridamole inhibits PDE5 and PDE10 (Lugnier et a!„ 
1986; Soderling et al, 1999; Fujishige et al„ 1999a, 1999b), In 
combination with DEANO a strong stimulation of cGMP 
synthesis is observed in layers 1 and 2 of the dorsal horn, and to 
a lesser extent in the other gray matter layers. Contrary to the 



Fig. 5. Effect of IBMX on the localization of cGMP-IR in the rat cervical spinal cord. Slices were incubated in the presence of 1 mM IBMX and 1 0D fim DEANO. 
Sections were double-immunosUiined for cGMP-IR with CGRP ((a-c), from (a) longitudinal slice) and with 1B4 ((e~g), from a longitudinal slice; (h-j) t from a 
transverse slice). There is no colocalization between cGMP-IR and CGRR The boxed area in (c) is shown enlarged in (d) using a 4Qx objective. There is 
colocalization between cGMP-IR and TB4 in subpopulations of fibers (e.g t arrows in (j)) and boutons. Bar in (a) represents 100 p.m for {a-c) and (e-g); bar in (cJ) 
represents 25 [Jim; bar in (j) represents 50 jxm in (h-j). 
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Table 1 

Effect of incubation of slices of the rat cervical spinal cord in the presence of 1 mM IB MX and 100 \iM DEANO (ii = 32) an the ^localization observed between 
cGMP-IR and 1 0 neuronal marker molecules in the various lamina 
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(4-) detectable; (4-4-) fairly strong; (w) intense; (±) sparse, m): only in microglia; dl: dorsolateral; I: lateral 
ft See results obtained with slices incubated with 1 mM IBMX, 1.0 u.M BAY 41-2272, and 100 u,M DEANO. 




Fig. 6. Effect of the selective PDEl inhibitor 8-methoxy-IBMX on cGMP-IR in the rat cervical spinal cord. Slices were incubated in the presence of 100 jxM 8~ 
methoxy-lBMXand 100 \iM DEANO, cGMP-immunoslaining in (a) layers 1-4; (b) layers 8 and 9; and (c) layer 10. Bars represent 200 fim in (a and b), and 100 fim 
in (c). 



observations using IBMX as a PDE inhibitor, no colocalization 
was observed between cGMP-IR and parvalbumin in the dorsal 
horn (Fig. 8(a, b and e)) T however, some colocalization was 
observed in layers 8 and 9. cGMP-IR was strong in the large 



cholinergic boutons in the ventral hom (Fig. 8(c, d and f))* A 
summary of these results is given in Table 4, 

Inhibition of PDE5 by 10 uM sildenafil in combination 
with DEANO resulted in moderate cGMP-IR in all gray 



Table 2 

Effect of incubation 
cGMP-IR and nine 



of slices of the rat cervical spinal cord in the presence of 1 u.M Bay 60-7550 and 100 \iM DEANO Or = 6) on the colocalization observed between 
neuronal marker molecules in the various laminae 
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White matter 



cGMP 

Colacaiizaticm 
vAChT 
Parvalbumin 
EAAT3 
Synaptophysin 
Substance P 
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vGAT 
vGLUTl 
VGLUT2 
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See Table 1 for explanation of mc symbols. 
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Fig, 7. Effect of the PDE2 inhibitors BAY 60-7550 and EHNA on the localization of cGMP-lR in the rat cervical spinal cord. Slices were incubated in the presence of 
1 jj.M BAY 60-7550 (a-f) or 100 \iM EHNA (g-h) in combination with 100 |iM DEANO. Double-irnmunosLaining of cGMP-IR with synaptophysin (a-f) reveals 
abundant colocalizntion of cGMP-IR in synupLophystn immunopositive boutons in all laminae of the spinal cord, including white matter, Double-immunoslaining of 
cGMP-IR with parvalbumin (g~h) revealed no colocalization, whereas double-immunostaining with EAAT3 (j-1) did show colacalization in laminae 1 and 2, Bar in 
(a) is 100 pro for all images. 



matter layers. No cGMP-IR was observed in parvalbumin or 
synaptophysin immunopositive structures. Some colocaliza- 
tion was observed between cGMP-IR and vAChT in 
varicosities in laminae 1-3 (Fig. 9(a, b and e)). Some of 
the large cholinergic boutons in the ventral horn showed 



cGMP-TR (Fig. 9(c, d and f)), but cGMP-IR was mainly 
confined to small varicosities. We observed immunostaining 
for vAChT in some cells in layer 10 and in the ependymal 
cells lining the central canal (Fig. 9(g— i)). Results are 
summarized in Table 5. 
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Tabic 3 

Effect of incubation of slices of the rat cervical spina] cord in the presence of 10D pjvl EHNA and 100 fiM DEANO (n = 6) on the colocalization observed between 
cGMP-lK. and nine neuronal marker molecules in the various laminae 
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10 



While matter 
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See Table 1 for explanation of the symbols. 



Table 4 

Effect of incubulion of slices of the rat cervical spinal cord in the presence of 100 U.M dipyridamole nnd 100 j±M DEANO (n = 6) on the colocalization observed 
between cGMP-]R and four neuronal marker molecules in the various laminae 
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4-7 



8-9 



10 



White matter 



cGMP 



Colocalization 
vAChT 
Parvalbumin 
EAAT3 
Synaptophysin 



Not done 
+ 



See Table 1 for explanation of the symbols. 



3.5. PDE4 inhibition using rolipram 

Rolipram is a highly selective inhibitor of PDE4 (Conti 
and Jin, 1999), which hydrolyzes cAMP with high affinity. 
Nevertheless, a combination of 10 |llM rolipram and 100 |x- 
DEANO resulted in an increase in cGMP-IR in varicose 
fibers and neuropil in all gray matter layers. In the dorsal 
horn we observed cGMP-IR in varicosities in layers 1-3, 
showing colocalization with synaptophysin but not with 
EAAT3 (Fig, 10(a-f)), In laminae 8 and 9 and layer 10, 
cGMP-IR was mainly observed as a dense neuropil staining 



and in cells which showed morphological characteristics of 
astrocytes, No colocalization between cGMP-IR and vAChT, 
parvalbumin, substance P (Pig. 10(g-i)) T or CGRP was 
observed in these layers. These results are summarized in 
Table 6. 

3.6. PDE9 inhibition using SCH 51866 

Highly selective inhibitors of PDE9 are not commercially 
available. The compound SCH 51866 was reported to have 
some selectivity towards PDE9 (Soderling et aL, 1998). 



Table 5 

Effect of incubation of slices of the rat cervical spinal cord in the presence of 10 p-M sildenafil and 100 |iM DEANO (n = 6) on the colocalization observed between 
cGMP-IR and four neuronal marker molecules in the various laminae 

Lamina White matter 

12 3 4-7 8-9 10 dl 1 

cGMP -H- 4-f 

Colocalization 

vAChT + ± 

Paralbumin 
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Synaptophysin - 



+ + + + ++ ++ 
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See Table 1 for explanation of the symbols. 
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Fig. 8. Effect of ihe mixed typed PDE5-PDE10 inhibitor dipyridamole an ihe localization of cGMP-lR in the rat cervical spinaJ cord. Slices were incubated in the 
combined presence of 1 00 \iM DEANO and 1 0 jiM dipyridamole. Dauble-immunastaining of cGMP-lR with parvalbumin in laminae 1 and 2 (a, b, e) or laminae 8 
and 9 (c t d, f) revealed partial colocalization in the ventral horn but not in the dorsal horn. Bar indicates 50 p.m for all images. 
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Fig. 9. Effect of the PDE5 inhibitor sildenafil on the localization of cGMP-IR in the rat cervical spinal cord. Slices were incubated in the presence 1 0 fiM sildenafil 
and 1 00 u.M DEANO. Slices were double-immunostnined for cGMP-IR and vAChT. Some colocalization is observed between cGMP-FR and vAChT in the dorsal (a, 
b, e) and ventral (c, d r 0 horns and around the central canal (layer 10) (g-i). Bar indicates 100 p-m. 
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Addition of 10 jxM SCH 51866 alone had no effect on NO- 
mediated cGMP-IR. In combination with DEANO, stimulation 
of cGMP synthesis was observed in layers 1-3 (Fig. 1 1 (a, d, g, i 
and k)) and layer 10 and in some cells touching on the 
ependymal cell layer lining the central canal (Fig. 1 l(j)). As can 
be seen in Fig. ll(j) r these cells often have protrusions which 
make contact with the CSE Colocalization between cGMP-IR 
and vGATand vGLUT2 (but not vGLUTl) was observed in the 
layers 1-3 (Fig. 1 l(a-f)) but not in layer 10. No colocalization 
between cGMP-IR and CGRP was observed in the dorsal aspect 
(Fig. ll(g-i)), although cGMP-IR libers and CGRP-IR fibers 
could be observed which were running closely parallel 
(Fig. ll(i)). A few CGRP-IR structures which were always 
observed near the ventral side of the ependymal cell layer 
(Fig. 1 l(j)). No colocalization was observed between cGMP-IR 
and SP in laminae 1 and 2 (Fig. ll(k)). These results are 
summarized in Table 7. 

3.7. cGMP-IR in the dorsal root 

In some preparations (TBMX n = 3; EHNA n = 1) we were 
able to study the effect of PDE inhibitors on cGMP synthesis in 
the dorsal root and the dorsal root entry zone. We observed 
cGMP-IR in the cholinergic fibers of the proximal dorsal root 
and the dorsal root entry zone (Fig. 12(a-c)) using IBMX as a 
PDE inhibitor. Similarly, we observed colocalization between 
cGMP-IR in a minor population of EAAT3-immunopositive 
structures of the dorsal root (Fig. 12(d-f)) and in layer 1 of the 
dorsal horn. Using EHNA as a PDE inhibitor, we found 
colocalization between cGMP-IR and parvalbumin in cells of 



the dorsal root and in layers 1 and 2 of the dorsal horn 
(Fig. 12(H))- 

3.8. niRNA expression ofPDE2 t 5, and 9 

Expression of PDE's2, 5, and 9 was studied using mRNA in 
situ hybridization. mRNA's of all three PDE's were observed in 
all layers of the gray matter (Fig. 13). In the dorsal horn mRNA 
expression of all three PDE's appeared in cells with the 
morphology of small neurons and also the motor neurons in the 
ventral appeared to express all three mRNA's, Ependym cells 
lining the central canal also expressed all three mRNA's. 

3.9. Experiments using the NO- independent sGC 
activator BAY 41-2272 

BAY 41.-2272 was used to study endogenous NO synthesis 
in the spinal cord slice. Already a concentration of 0.1 fxM 
BAY 41-2272 in combination with 1 raM IBMX resulted in 
cGMP-IR in the dorsal horn (Fig. 1.4(a); compare with 
Fig. 1(b)). Incubation of the slices in the presence of the NOS 
inhibitor t-NAME (100 jjlM) abolished the effect of 0.1 \iM 
BAY 41-2272 almost completely (Fig. 14(b)). On the other 
hand, in the presence of IBMX the effect of 10 |xM DEANO 
was greatly potentiated by 0.1 jjlM BAY 41-2272 in all gray 
matter areas. This is shown in Fig. 14(c) in a cross section of a 
slice made in the longitudinal direction. The intensity of 
cGMP-immunostaining was greatly increased and also the 
number of structures showing cGMP-IR was increased when 
compared with cGMP-IR in a slice that was incubated with 



Table 6 



Effect of incubation of slices of the rut cervical spinal cord in ihe presence of! 00 p,M rolipram and 100 DEANO ( 
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Fig. 10. Effect of the PDE4 inhibitor rolipram on the localization of cGMP-lR in the nit cervical spinal corcL Slices were incubated in the presence oflO jjM 
Rolipram and 100 p.M DEANO. Slices were double-immunostained for cGMP-IR and EAAT3 (u-c) t synaptophysin (d-f) T or SP (g-i). ColocalizaUon of cGMP-IR 
with EAAT3 was not observed in all layers, e.g, the dorsal horn {a-c}. Same colocattxation was also observed between cGMP-Dl and synaptophysin in lamina 3 of the 
dorsal horn (j-I). No colacalization was observed between cGMP-IR and substance P (g-i). Bar indicates 100 |±m for all images. 



IBMX and DEANO only (Fig. 1(c)). In sections from slices 
incubated in the presence of all three compounds we observed 
long cGMP-IR fibers running in longitudinal direction through 
the white matter layers also (see arrows in Fig, 14(c), but also 
Figs. 15(a) and 18(a)). 

cGMP-IR in the slice after incubation with a combination of 
IBMX, BAY41-2272 and DEANO did not colocalize with 
vGLUTl in any of the gray matter layers. In Fig. 15 this is 
illustrated in a photomontage of part of a longitudinal slice. 
Colocalization of cGMP-IR with vGLUT2 in slices incubated 
under this condition is abundant in all gray matter layers 
(Fig, 16(a-c), ventral horn) and in varicosities of fibers running 
longitudinal through the white matter (Fig. 16(d-f), dorso- 
lateral). Also with vGAT we observed abundant colocalization 
in all gray matter layers (Fig. 17(a-c), ventral horn; Fig. 17(d- 
f), dorsolateral), Colocalization with substance P under 
conditions of IBMX, BAY 41-2272 and DEANO was observed 



in a minor subpopulation of dorsolateral running fibers (Fig. 1 8) 
and in some superficial dorsal fibers (Fig. 19(e-f)). No 
colocalization was observed under these conditions with 
CGRP-IR fibers (Fig. 19(a-c))« We observed cGMP-IR fibers 
which ran closely parallel to CGRP-IR fibers (Fig. 19(c)) or 
substance P-IR fibers (Fig, 1 9(d)) over some distance. 

4, Discussion 

In the spinal cord, cGMP has been implicated in the 
development and maintenance of hyperalgesia (Kawabata 
et al t 1993; Metier et aL, 1994; Salter et aL, 1996; Siegan et aL 
1996: Ferreira et al t 1999; Sousa and Prado, 2001; Tao et aL, 
2000; Tao and Johns, 2002; Schmidtko et aL, 2003; Tegeder 
et aL, 2004). NO-cGMP signaling in the spinal cord is wide- 
spread and has been observed in all laminae of the spinal cord 
(Vies et aL, 2000). Nevertheless, the role of cGMP in spinal 
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neurotransmission antiVor homeostasis is still unclear. This 
might be caused by the scant knowledge about the localization 
of cGMP synthesis in relation to the hydrolysis of this cyclic 
nucleotide. We have investigated NO-cGMP signal transduc- 
tion in the rat cervical spinal cord slice preparation by 
localizing the NO-mediated cGMP signal at the cellular level in 
combination with the use of different PDE inhibitors and an 
NO-donor. In addition, we studied the localization of mRNA of 
PDE2 T 5, and 9 using in situ hybridization. Our results indicate 
that in the spinal cord slice preparation there is endogenous NO 
synthesis and that NO is an almost ubiquitous neurotransmitter 



in the spinal cord performing both retrograde and postsynaptic 
transmitter functions. In addition, NO-cGMP signaling is 
controlled by the concerted action of a number of PDE's. 

4 J, PDE expression in the spinal cord 

PDE activity in the spinal cord is high, as no cGMP-IR could 
be observed in slices that were incubated in presence of an NO- 
donor but in the absence of PDE inhibitors. In situ hybridiza- 
tion of the mRNA of PDE2, 5 and 9 showed that all three 
PDE's have a wide-spread distribution in the rat cervical spinal 






Fi g. 1 1 . Effect of selective PDE9 inhibitor SCH 51 866 an the localization of cGMP-TR in cervical spinal cord. SI ices were incubated in the presence of 1 0 \iM 51 866 
and 1D0 \iM DEANO. Sections were doubleHmmunostamed for cGMP-IR and vGAT (a-c), vGLUT2 (d-f), CGRP (g-j) f or SP (k). Partial colocalizalion was 
observed between cGMP-IR and vGAT (a-c) + cGMP-IR and vGLUT2 (d-f). Colocalization between cGMP-IR and CGRP Cg-j) or substance P (1c) was absent in the 
dorsal horn. Bar in (a) indicates 100 p.m for the images (a-f); bar in (g) indicates 100 jim far the images (g-j); bar in (k) represents 25 fim. 
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cord. It is striking that the mRNA of all three PDE T s has been 
observed in ventral motor neurons. Immunoreactivity for choline 
acetyltransferase or v AChTis destroyed when combined with the 
in situ hybridization technique and therefore it cannot be 
concluded from our data with certainty that expression of all 
three PDE's occurs in all motor neurons. However, considering 
the number of motor neurons which express these PDE T s the 
latter possibility is highly likely. 

In order to gain insight into the importance of PDE activity 
on cGMP accumulation in the spinal cord slices we used 
selective inhibitors in combination with DEANO on slices 
incubated in vitro. The cGMP-IR present in the sections from 
such slices might give an indication of the PDE activity in the 
cGMP-IR structures. 

In Table S we present a compilation of IC50 values found in 
the literature of PDE inhibitors under study. From these IC50 
values it might be concluded that a certain extent of inhibition 
of several PDE's by the high concentrations that we used is 
indicated. As stated in Section 2 we tested the inhibitors over a 
concentration range and performed our colocalization studies at 
the dose which was next higher than the lowest dose of the 
inhibitor which resulted in a cGMP response in the presence of 
DEANO. This procedure does not exclude non-selective PDE 
inhibition. The selectivity of, e.g. 8-methoxy-IBMX for PDE 1 
and SCH 51866 for PDE9 (see Table 8) is not high, and it is to 
be expected that the localization of cGMP-IR will be like that 
obtained with IB MX. On the other hand, it has been discussed 
in the literature (e.g. Thompson, 1991) that due to substrate 
interactions between the different PDE isoforms, it might be 
expected that the pharmacological inhibition constants 
obtained in cell cultures or tissues might be considerable 



higher that the biochemical inhibition constants obtained on 
purified enzymes. A clear example of this was recently reported 
using a new PDE9 inhibitor (Wunder et al, 2005), 

Although the inhibition constants indicate that rolipram is a 
highly selective PDE4 inhibitor, there might be already some 
inhibition of the other PDE isoforms at a concentration of 
10 \lM, and we indeed observed a considerable effect of 
rolipram on cGMP-IR at this concentration. This is in 
agreement with the finding that PDE4 hydrolyzes cGMP in a 
rolipram sensitive manner when the concentration of cGMP is 
high enough (Bellamy and Garthwaite, 2001). In addition it 
cannot be excluded that an increase in the c AMP concentration 
caused by inhibition of PDE4 has an effect on cGMP 
metabolism. 

Considering the abundance of PDE9 mRNA t the results 
using SCH 51866 in combination with DEANO were less than 
expected because cGMP-IR was observed only in the laminae 
1-3 and around the central canal. Using SCH 51866 in 
combination with 1 mM H3MX and DEANO did not yield 
different results to those obtained with IBMX and DEANO. 
Therefore, we conclude in our experimental approach the 
contribution of PDE9 to hydrolysis of cGMP might be rmnimaL 

4.2. cGMP-JR in GABAergic neurons 

In the present study we used parvalbumin and vGAT as 
markers for GABAergic neurons. It has been known for 
considerable time that a subpopulation of GABAergic neurons 
is parvalbumin-IR (Antal et al., 1991). Our observations are in 
agreement with these results. Although we observed coloca- 
lization between paralbumin and cGMP-IR in all gray matter 






Fig. 12. Effect of [BMX and EHNA on the localization of cGMP-lR in the proximal part of the dorsal root and the dorsal root entry zone in the rat cervical spina! cord. 
Slices were incubaied in the combined presence of 100 pM DEANO and 1 mM IBMX (a-f) or 100 p.M EHNA (g-i). Sections were doubje-immunostained for 
cGMP-IR and vAChT {a-c)i EAAT3 (d-f), or parvalbumin (g-i). Abundant colocalization is prescnl between cGMP-IR and the three markers vAChT, EAAT3 and 
parvalbumin in the proximal part of the dorsal root In addition there is colocalization between cGMP-IR and parvalbumin in the layers 1 and 2 of the dorsal ham [g- 
i). Bar in (a) represents 100 jim for all images. 



layers (Vies et aL, 2000), this colocalization was only partial 
Colocalization of cGMP-IR with vGAT was abundant in 
laminae 1-7 T and somewhat less in laminae S— 10, When the 
slices were incubated with the different PDE inhibitors, we did 
not observe striking differences in the localization of cGMP-IR 
in GABAergic neurons. Abundant cGMP-IR in GABAergic 
neurons was observed when slices were incubated in the 



presence of IBMX, which was even more extensive when also 
BAY 41-2272 was present 

4,3, cGMP-IR in cholinergic neurons 

vAChT is a good marker for labeling cholinergic fibers 
and terrninais, but less appropriate to label cholinergic somata 



J, da Veme et at. /Journal of Chemical Neuroanatomy 31 (2006) 275-303 




Fig. 13* Localization of mRNA of PDE2 (a) t PDE5 (b) T and PDE9 (c) in the rat cervical spinal cord visualized by in situ hybridization. Corresponding sense probes 
are shown tn (d-f). Bar in (a) represents 400 y.m for all images. 



(Ichikawa et aL t 1 997). Our results showed some experimental 
variation in the immunostaining of ventral motor neurons with 
vAChT (Fig. 3(j); Fig. 9(d)), although the smaller cholinergic 
cells in lamina 10 generally did show vAChT-IR (Fig, 9(h)), 
cGMP~IR in cholinergic neuronal fibers and terminals was 
observed in all lamina, and also in the dorsal root and dorsal 
root entry zone (Fig, 12(b)). This latter rinding suggests a 
sensory, cholinergic input to the superficial layers or the 
cervical spinal cord (Sann et al„ 1995). Surprisingly we did 
observe colocalization between cGMP-IR and vAChT in 
laminae 8 and 9 in the C-terminals when slices were incubated 
with the PDE2 inhibitor BAY 60-7550, but not with EHNA. 
This might be caused by the higher affinity of BAY 65-7550 for 
PDE2 compared to EHNA. The cholinergic nature of the C- 
terminals has been described before (Nagy et al., 1993). 
Inhibition of PDE5 with dipyridamole or sildenafil also resulted 
in cGMP-IR in these C-type terminals. In agreement with a 
previous report (Sann et aL t 1995) we observed vAChT-IR 



fibers and cells in layer 10 and these cells were cGMP-IR when 
the slices were incubated with sildenafil. These cGMP/vAChT- 
IR cells might be the small short-axon propriospinal 
interneurons (Feng-Chen and Wolpaw, 1996; Arvidsson 
et al,, 1997), the origins of the C-boutons on the ventral motor 
neurons. This suggestion was recently strengthened by the 
report that the C-type terminals develop in correspondence with 
the motor system (Wilson et ah, 2004). 

4 A cGMP-FR ghitamatergic neurons 

We used three marker molecules as markers for the 
glutamatergic innervation, i.e. EAAT3, vGLUTl, and 
vGLUT2. Colocalization between cGMP-IR and EAAT3 was 
observed in laminae 1-3 and lamina 10 in the presence of the 
PDE2 inhibitors EHNA or BAY 60-6550. We have no ready 
explanation why no colocalization between cGMP-IR and 
EAAT3 could be observed after incubation in the presence of 
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■ 1mM IBMX/G.1[iM BAY 41-2272 
6.1 mM L-NAME 




Fig. 14. Evidence for endogenous synthesis of NO in the cervical spinal cord slice. Slices were incubated in the presence of 1 mM IB MX, 0.1 jiM BAY 41-2272 (a) T 
in combination with 0.1 mM L-NAME {b) t or 1 00 j±M DEANO (c); (presenting the tmnsverse overview of a longitudinal slice). The effect of BAY 41-2272 is almost 
completely abolished by OJ mM l-NAME. Bar represents 100 u.m in (a and b) and 200 in (c). In (c) images were aligned using Adobe Photoshop 7.0. L The 
arrows in (c) indicate the borders of the section. 



IBMX. It might be that the higher affinity of EHNA and 
especially BAY 60-7550 for PDE2 compared to IBMX results 
in cGMP accumulation in PDE2 containing fibers. After 
incubation of the slices in die presence of IBMX, or even more 
after incubation with IBMX in the presence of BAY 41-2272 we 
observed abundant NO-mediated cGMP-IR in VGLUT2-IR 
fibers, however, not in vGLUTl containing fibers. A functional 
differentiation between the vGLUTl-IR and vGLUT2-IR 
innervation of the spinal cord has been suggested before 
(Alvarez et aL, 2004). vGLUTl innervation was coming mainly 
from cutaneous and muscle mechanoreceptDrs (Alvarez et aL, 
2004), whereas vGLUT2 innervation was of intrinsic origin. 

4.5. NO synthesis in the spinal cord 

NO has been described as being a retrograde messenger 
(O'Dell et aL, 1 991; Hawkins et aL, 1998). However, recently it 
has been demonstrated that NO functions as a messenger 
molecule with a presynaptic as well as a postsynaptic rale 
(Wang et aL, 2005). At all spinal levels nNOS is localized 
mainly in somata which are positioned in the superficial dorsal 
horn and around the central canal, whereas at thoracic and 
sacral levels nNOS is also present in the intermediolateral cell 
column (e.g. Valtschanoff et aL, 1992). The presence of nNOS 
in a small population of the ventral motor neurons has been 
reported by a number of groups (Blottner and Baumgarten, 
1992; Zhang et aL, 1993; Wu et aL, 1995a, 1995b; Urushitani 
et aL ? 1998) whereas others did not observe nNOS in the motor 
neurons (Dun et al., 1993; Spike et aL, 1993; Clowry, 1993; He 



et al., 1997; Wu et al., 1998). The above can be summarized as 
follows: nNOS-IR fibers traverse all through the gray matter of 
the spinal cord and also penetrate the white matter. Similar to 
the situation in the brain, the presence of nNOS is much more 
widespread than can be judged from the number of the ruNOS- 
IR somata. In addition, the target for NO, i.e. sGC, was found to 
be present in all laminae and in white matter tracts (Maihofner 
et aL t 2000). 

We found evidence for the presence of NOS activity in the 
spinal cord slices as the presence of only IBMX during the 
incubation resulted in cGMP-IR in varicosities and small fibers 
in the dorsal horn (compare Fig. 2(a and b)). This observation is 
in agreement with quantitative measurements of cGMP levels 
in the dorsal horn of the spinal cord in rabbits (Pavel et aL, 
2000), In addition, the effect of BAY 41-2272 without NO- 
donor was inhibited almost completely by 0,3 mM l-NAME 
(Fig. 14(a and b)}. Although it has been reported that BAY 41- 
2272 inhibits PDE5 (Mullershausen et aL, 2004), it is unlikely 
that this effect is responsible for the observed effect of BAY 41- 
2272 on cGMP levels in our slice preparations as the selective 
PDE5 inhibitor sildenafil has no effect on cGMP-IR in the 
absence of an NO-donor [present results]. The potentiation of 
the effect of NO on sGC by BAY 41-2272 is evidenced by an 
intense cGMP-IRin all lamina of the cervical spinal cord and in 
white matter tracts (e.g. Fig. 14(c)). cGMP-IR in the 
longitudinal sections shows long, thin fibers which can be 
traced over a distance of more than 100 jim (Figs. 1,15 and 1.8). 

The concomitant treatment of the slices with IBMX, BAY 
41-2272 and DEANO resulted in abundant colocalization of 
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Fig. 15. Absence of colocalization between cGMP-IR and vGlul in the cervical spinal cord (longitudinal slice). Slice was incubated in presence of 1 mM IBMX, 
1.0 \iM BAY 41-2272 and 10D fiM DEANO. Section was double-irnmunostained for cGMP-IR and vGLUTl. A tola] of four adjacent images were aligned using 
Adobe Photoshop 7.0.1. Bar represents 100 u.m for all images. 



cGMP-IR with synaptophysin in all laminae. This observation 
is agreement with the concept of NO being a retrograde 
messenger molecule. However, we also observed NO-mediated 
cGMP-IR in long fibers which often showed varicosities (see 
Figs. 15-18). This observation poses the question whether NO 
is a purely retrograde messenger molecule or not Recently, it 
was shown that NO has both pre- and postsynaptic effects in the 
hippocampus which are mediated by cGMP (Wang et al t 



2005), We propose that also in the spinal cord there are pre- and 
postsynaptic effects of NO. 

4.6. sGC in spinal motor neurons 

There is little data on the role of NO-cGMP signaling in 
spinal motor neurons. In the mammalian spinal cord there is 
only some circumstantial evidence that spinal motor neurons 
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Hg. 16. Colocalization between cGMP-IR and vGLUTl in the cervical spinal cord (longitudinal slice). Slice was incubated in the presence of 1 mM 1BMX, 1.0 fiM 
BAY 41-2272, and 100 \iM DEANO. Sections were douhle-immunostained forcGMP-IRand vGluI. A two times enlargement of the central region of (a-c) is shown 
in (d-f)- Bar represents 100 p.m for (a-c). 



express sGC (Panahian and Maines, 2001). Development of 
motor neurons dendrites was dependent on NO, which suggests 
that cGMP has also a role in this process (Inglis et ah, 1998). 
Interestingly, it has been reported that selective PDE5 inhibitors 
as well as the non-selective PDE inhibitor arninophylline were 
neuroprotective in a model of oxidative stress using motor 
neurons, whereas selective inhibitors of PDE 1-4 did not offer 
protection (Nakamizo et ah, 2003); this observation suggests at 
least that cGMP synthesis might occur in motor neurons. sGC 
could not be found in the motor neuron somata of the mouse 
spinal cord (Maihofner et aL, 2000). Nevertheless, we observed 
imrnunostaining for the p 1-subunit of sGC in the motor neurons 
(Fig. 20). Expression of sGC in cultured motor neurons has 
been suggested by a number of groups (Estevez et aL, 2002; 
Kim et aL, 2002). However, we have never observed cGMP-IR 
in motor neurons above background levels. This is similar to the 
observations made with cerebellar Purkinje cells. It is known 
that these cells express sGC, however, we were unable to 
demonstrate cGMP-IR in these cells (for a detailed discussion 
of this topic see: De Vente and Steinbusch, 2000). 

4.7. Role of NO-cGMP signaling in the spinal cord 

Presently, little is known about the role of NO-cGMP 
signaling in the spinal cord. In view of the abundance of NO 
responsive structures, it is very likely that NO-cGMP signaling 
will be part of neuronal information processing at many levels. 
NO-cGMP signaling in the spinal cord has been implicated in 
growth and pathfinding of dorsal root axons in the dorsal root 



entry zone (Schmidt et aL, 2002). cGMP levels were increased 
in the dorsal spinal cord after chronic constriction of the sciatic 
nerve in rat, implicating cGMP in thermal and mechanical 
hyperalgesia and tactile allodynia (Siegan et aL, 1 996), The role 
of cGMP in nociception is complicated by the fact that the site 
of manipulation of NO-cGMP signal transduction as well as the 
concentration of cGMP may give either a nociceptive or an 
antinociceptive response. Thus, intrathecal injection of l- 
arginine and NO-donor produced hyperalgesia in tail-flick, 
formalin injection (Kitto et aL, 1992; Inoue et aL, 1998), in the 
hotplate test (Ferreira et aL, 1999), whereas administration of a 
low dose of 8-bromo-cGMF produced antinociception and a 
high dose caused hyperalgesia (Tegeder et aL, 2002). In 
addition, cGMP has a differential effect on the activity of 
neurons in the different lamina, i.e. inhibition in the neurons of 
laminae 1 and 2, and generally excitatory in neurons in lamina 
1 0 (Schmid and Pehl, 1996). Hyperalgesia induced by injecting 
formalin or zymosan in the hind paw was dependent on cGMP- 
dependent protein kinase I to develop (Schrnidtko et aL, 2003; 
Tegeder et aL, 2004), however, thermal nociception in the hot 
plate test was not. This process of induction of hyperalgesia 
probably involves substance P, as it has been demonstrated that 
substance P is released upon a nociceptive stimulus, 
presumably from A5- and C-fibers, the stimulus being thermal, 
mechanical, or chemical (Duggan et aL, 1988;). Furthermore, it 
was shown that the release of substance P was increased after 
induction of allodynia or hyperalgesia (Honore et aL, 1999). In 
the cGMP-dependent protein kinase I knock-out animals, 
where there is a reduced nociceptive behavior (see above), the 
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Fig. 18, Colocalization between cGMP-IR and substance P in tbc dorsolateral cervical spinal cord (longitudinal slice). Slice was incubated in the presence of \ mM 
1BMX, LO \iM BAY 41-2272, and 100 p.M DEANO. Section was double-immunosiained for cGMP-lR and SP. Three adjaccnL images were aligned lo obtain (a-c) 
using Adobe Photoshop 7.0.1. The boxed area in (c) is shown enlarged in (d) photographed with a 40x oil objective und demonstrates partial ^localization between 
cGMP-TR and substance P. Bar in (a) represents 100 fim for (a-c); bar in (d) represents 50 u,m. 
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Fig. 19. Double-imniunostaining of cGMP-IR with CGRP (a-c) or substance P (d-f) in a section of the dorsal cervical spinal cord. Longitudinal slices was incubated 
in presence of 1 mM IBMX, LO uM BAY 41-2272, and 100 \xM DEANO. In (c and d) enlargements are shown of the corresponding boxed areas taken with a 40 x oil 
objective. There is no colonization between cGMP-IR and CGRP. Partial colocali station ts observed between cGMP-IR and substance P. Note that both CGRP and 
substance P fibers often run closely parallel to each other without actual colocalization. Bar in (a) represents 1 00 p.m for (a, b, e, f) ; bar in (c) represents 50 p.m for (c 
and d). 
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Table 7 



Effect of incubation of slices of the rat cervical spinal cord in the presence of 10 \iM SCH 51866 and 100 pM DEANO (a = 
cGMP-IR and eight neuronal marker molecules in the various laminae 


3) on the colocalization observed between 
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White matter 




1 
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3 4-7 8-9 


10 dl 1 


cGMP 


++ 


++ 
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Substance P 
CGRP 
vGAT 
vGLUTl 
VGLUT2 


± 
± 
± 


± 

± 


- - + 


± 



See Table I for explanation of the symbols. 



density of substance P neurons in the dorsal horn is significantly 
reduced (Tegeder et aL, 2004). It has been shown that sodium 
nitroprusside increases CGRP and substance P release from the 
dorsal horn (Garry et aL, 1 994) T however, in these studies a very 
high dose of SNP was used. Our observations of NO-mediated 
cGMP-IR in a subpopulation of substance P-IR fibers and in 
fibers and boutons which bind IB4 support the hypothesis of an 
involvement of cGMP in the sensitization of the spinal dorsal 
horns neurons. Nevertheless, the small degree of colocalization 
of cGMP-IRin substance P-IR fibers and the absence in CGRP- 
IR fibers is disappointing. One reason might be that the 
sensitivity of the cGMP-antibody is too low to detect the cGMP 



signal in SP- or CGRP-IR fibers. Although we have provided 
evidence that the sensitivity of the sheep-anti-formaldehy de- 
fixed cGMP antibody is estimated to be 0.1 |±M of fixed cGMP, 
we cannot exclude the possibility that cGMP-IR in SP- or 
CGRP-IR fibers escapes detection. Another reason might be 
that it has been shown recently that NO binding to sGC is 
affected by the NO concentration, and ATP and GTP 
(Russwurm and Koesling, 2004; Cary et aL, 2005). This 
complex regulation of sGC has not been studied by us, however, 
the fact th at the sti mularjon of sGC by BAY 4 1-2272, especially 
in the presence of DEANO, greatly exceeds the effect of BAY 
41-2272 or DEANO alone, as we have reported also for the rat 



Table S 



Data from the literature on IC50 values (u.M) of selective PDE inhibitors on isolated enzymes 
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(a) Wunderetal. (2005); (b) Estradeetal. (1998); (c) Bucte er at. (1994); (d) Yu etal. (1995); (e) Romas etal. (1991); (0 Nicholson et al. (1995); (g) Podzuwcitet aL 
(1995); (h) Francis et al. (2001); (i) Gibson (2001); (j) Fujishigc et al. (1999); (k) Soderling et al. (1999); (1) Clapham and Wildcrspin (2001); (m) Loughney et al. 
(1999); (n) Fujishige et ah (1999); (o) Fisher et al. (1998); (p) Soderling et al. (1998); (q) McAllister et ul.( 1993); (r) Kotera et al. (2000); (s) Blount el uL (2004); (t) 
Boess et al. (2004); and (u) Yu et al. (1997). 
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Fig. 20. Immunostaining of the J3 1 -subunil of sGC in Ihe ventral horn of the rat 
cervical spinal cord. Bar represents 50 ^m. 



brain (Van Staveren et al., 2005), indicates that factors beyond 
the control of the present experimental conditions might be of 
decisive importance. 

Very little is known about the involvement of PDE activity in 
nociceptive signaling. Inthecal application of the selective PDE2 
inhibitor EHNA had no effect in the formalin-induced 
nociception (Tegeder et al, 2002). However, recently it was 
reported that intrathecal zaprinast did produce an antinociceptive 
effect in this paradigm (Yoon et al., 2005). Sildenafil had an 
antinociceptive effect on hyperalgesia induced by a diabetic 
neuropathy (Patil et al, 2004a), and also in the writhing test and 
the carrageenan-induced hyperalgesia (Patil et al., 2004b). 
However, if this effect of sildenafil is caused by an increase in 
cGMP levels, the central location where sildenafil exerts this 
effect remains unknown (Patil et aL T 2004a). Moreover, there are 
indications that part of this antinociceptive effect of sildenafil is 
caused by a peripheral accumulation of cGMP, e.g. within the 
cholinergic system (Patil et al., 2004b). Recently it was reported 
that topical superfusion of the spinal cord with blockers of cGMP 
or NO synthesis increased background activity of nociceptive 
lumbar neurons, whereas superfusion with sildenafil or 8-bromo- 
cGMP had no effect (Hoheisel et al„ 2005), which also indicates 
a dual effect of cGMP on nociceptive processing. 

In conclusion, the neuroanatomical data on NO-cGMP 
signaling in rat cervical spinal cord slices show that the second 
messenger function of cGMP is not restricted to vital sensory 
processing, but is probably also involved in propriocepsis. In 
addition, selective inhibition of PDE activity in the spinal cord 
slices and the localization of the mRNA for PDE2, 5, and 9 
reveals that multiple PDE's are present in the same cellular 
structures, although at present it is unknown how the interplay 
between the different PDE's will affect cellular function. 
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